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Surface-Modlﬁed Nanopartlcles and Method of Makmg and Usmg Same

Background of the Invention
FIELD OF THE INVENTION
This invention relates to sustamed release drug delivery systems and methods or' making same.
b : More parucula.dy, the invention relates to surface-modlﬁed biodegradable nanopart:cles for targeted
delivery of bioactive agents, methods of makmg nanoparticles, novel polymenc composmons for

making the nanoparucles, and methods of using same.

DESCRIP’I_‘]ON OF THE RELATED ART

Site specific delivery of therapeutic agents for Qascuiar diseases, or other local oisorders ‘such
10 ascancer or infection, is difficult with systemic admihistratioh of drugs. Drugs ad;rurusfered orally,
or by peripheral intravenous injection, are distributed throughout the patient's body and are subject
to metabolism. The amount of drug reachmg the desxred site is frequently greatly dmumshed
Therefore, a larger dose of therapeutlc agent is required, which in many cases, leads to unpleasantr'
and unwanted systermc side effects.. There is, therefore, a need for drug delivery ss'stems which can
15 be applied locally'to treat regional disorders.

In many 'instances, intruvascular administration of therapeutic agents would eomurise a
signiﬁcam improvement irx the art. Hovuever, there are special considerations which must be taken »
into account in the _development of an intravascular drug delwery system For example For'
example an intravascular drug delnvery system must not cause clotting or thrombogenesis.

20 Moreover, constant blood flow through the vasculature results in rapld dilution of the drug. There

is, therefore, a need for a drug delivery system which can safely be delivered intravascularly and
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wl{ich can be rcfm‘ned at the site of administmtion to release therapeutic agent over a period of

time. | |
' : Som; of thc_.-. forégoing_ and other disadvantages of the prior art can be overcome with

injectable microparticles, and in particular, nanoparticles. Nanopa;ﬁcles can enter éells and

penetrate intracellular junctions. However, to date there have been no successful methods to

" confer antithrombogenic pmpemes or cell adhmion properties to micropaniclés in order to

enhance adhesion of the microparticles at the site of injection, such as the exnfaccllulaf matrix

. in a vessel wall and the surrounding tissue, to facilitate drug retention.

. Biodegradable sustained release nanoparticles for inuav;scular administration of
therapeutic agcr;ts would be of extreme value in the treatment of wdiovasg:ﬁlar disease such as
i'esxcnqsis. fo; cxamélc. Re-obstruction of coronary arteries or other tﬁood vessels.' after
angioplasty, has. generally been tc_rmed ro;cteriosis. Typically, within six months of coronary
.an-gioplasty, about 30% to 50% of the treated coronary lesions undergo ﬁswﬁosis. The
pm lﬁding to rcs@c;sis likely involve a combination of acute thrombosis following
damage to the arterial wall imposed on a background of pre-existing arterial disease. The types
bf acuve agents which would be useful for site-speciﬁc- treatment to mitigate and/or prevent -
mtenoﬁs covcr.a broad range, including mﬁmmmbogmic aémts, growth facmrs,»DNA.
oligonucleotides, _antiplatclet drugs, immune m@ulam, smooth muscle cell inhibitors,

cytokines, anti-inﬂamrﬁat’ory agcnts; and anti-atherosclerosis agents (e.g:, antilipid agents or

' anticalcification agents).
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.A Various drug dclivcry suatcgic:; have been devised for pharmacological intervention to

| prevent restenosis. One such strategy involves the invasive placement of periadventitial drug

deliver systems, comprising controlled release polymci preparations, on the outside of blood

vessels. Expandable balloon aﬁgioplasty stents having drug-polymer coatings have also been

‘investigated. The stent devices are limited, however, to use in situations requiring stent

) angioplésty and suffer the further disadvantage that the amount of drug and polymer that can be

contained in the system is limited to the surface area of the struts and wires comprising the stent.
Another known approa;:h for preventing restenosis is régional drug therapy involving segmental
arterial infusions of drug; of interest to retard the events that lead to restenosis. The results
achieved by the kno;vn system have been reiatively ineffective due to ﬁpid wash-out of dx;ug By

the blood flow. There is, thus, a need for sustained release drug delivery devices for local,

regional, and/or targeted administration of a variety of therapeutic or.bioactive agents, to sites,

such as the vasculature. Of course, the same need exists in many 'div&m applications, such as
éeﬁe therapy, canocr therapy, treatment of localized infections and inflammatory reactions, and
diagnostic imaging. . |

_ One of the ptbblelhs encountered in the development 6f sustained release drug ;iqlivery
devices has been finding a guimblc biocompaﬁblg, bioerodable polymer to serve as a matrix or
depot for the therapeutic agent. A variety of biodegx_-adable polymers have been synthesized and .
used in the practice of me&icine. However, most of these biodegradable polymers are unsuitable

for the manufacture of sustained relnse drug delivery systems, particularly nanoparticles. A
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commonly used polymer i_s the polyester, polylactic-polyglycolic acid copolymer (PLGA). While
PLGA is biocompatible, it degrades relatively rapidly. Thus, the use of PLGA for long-term

sustained release drug delivery systems has been limited. In addition, due to the limited number

of hydroxyl groups on PLGA. it has been difficult to chemically link a significant amount of

bioactive agent to the polymer chain. There is, thmfore a need for a means of providing

PLGA and other non-reactive polymers, wnth more reactive functional groups for subsequcnf
chemial modification and/or linking with biocactive agents of interest. There is also a need .i" A
the art for biocompaﬁble polymers which have long-term bioerosion characteristics.

Polycaprolactone, another biMMIc polymer used in the medical field, has long-term

sustained release potential. In fact, polycaprolactones have been used for contraceptive systems

ingorporaﬁhg hydrophobic agents, such as steroids. Unformnatcly,’polymprolactones are not
useful for hydrop'hilic agents, or for rapid release applications. Polycaprolactone also lacks
reactive functional groups that can be used to derivatize, or chemically modify, the polytﬁcr. '
It would be advantageous to form a new biodegradable polymer, containing the hydrophoblc
polycaprolactone block, but with more desmble hydrophxhc characteristics, rapid biodegradation
kinetics, and the potmnal for further derivatization (e.g., through the addition of reactive epoxy
groups). | :

Some researchers have synthesized polylactmw-polyetlﬁ block copolymers by initiating
polymerization of lacwnc monomers using a poly-glycol as an alcoholic-type initiator. However,

this technique resuits in.the formation ofa BAB-type block copolymer wherein the hydrophilic.
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\séétrignt is in the middle of the block copolymer. This ;echnidue has the further disadvantage
that only low molecular weight polytﬁcrs can be formed. There is a need for a technique which
chemically lmks hydrophobic and hydrophilic copolymer blocks in ABA, BAB, as well as (AB),,
form so that hydrophobicity and _mqlecula_r weight of the block copolymers can be tailored as
desired. There is an even gmter need for block copolymers having récgive functional groups,
such. as hydroxyl groups, on both ends for ready chemid modification, such as coupling to -
Mn, albumin, vaccines, or other biomolecules of interest. - |

It is, therefore, an object of this invention to provide a biocompatible biodc;gradablc
sustained release drug delivery system for local and/or targeted administration of a variety of
therapeutic or bicactive agents. . =

It is another object of this invention to provide a sustait_ted release drug delivery system
for catheter-based local dmg delivery at any site whic!x can be accessed through the vasculature,
or by other interventional means.

It is also an object of this jnventidn_to provide methods of making sustained release dmg

delivery systems which comprise biocompatible biodegradable polymers, and nanoparticles in

particular.

It is a further object of this invention to provide methods of making sustained release
drug Adelivery systems which comprise biocompatible biodegradable nanoparticles having
improved properties, such as targeting ability, retention capability, anti-thrombogenicity, and the

like.
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It is yet an additional object of this invention m.provid'e a method sf making ultrasmall -
nanoparticles (e.g., 20 to 35 nm in diameter). |
It is addin'onauy an object of ths invention to provide an improved biocompatible, |
bxodchadable polymer havmg, hydrophobic and hydmpluhc cham:tcnstxcs which is sunable
5 .for making sustained relasc drug dehvery systems

It 1s yet a further object of this invention to provxde an xmpmved bxoeompanble.
Biodcgmdable polymer havmg reactive funcnonal-gmups on the surface which are suitable for

chemical modification and/or linking with bicactive agents of interest.
| 4 It is also another object of this invention to provide a method to confer reactivity, or to
10 activate, the surface of biocompatible, biodegradable polymers which are otherwise relatively

inert.

Summary of the Invention

The fomgoiné and other objécts are achieved By this il_lvention which provides a sustained

release drug delivery system ’comprisisg nanoparticles, preferably surface-modified

15 | nanoparticles. - The nandpanicl&s ‘are a core of biodegradable, biocompatible -polyma or
biomaterial. The average diameter of the nanopasﬁcles of the present invention is typian‘y less

than about 300 nm, preferably-in the range of 100 am o 150 nm, and more preferably 10 am

to 50 nm, with a narrow size distribution.
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The polymeric core may haie a bioactive, or bibinactive. agent or combination of agents,

~ incorporated, embedded, entrained, or otherwise made part of the polymer matrix comprising

the nmoparﬁcie core. The _inborpoﬁted bicactive agent is released as the polymer hydrolyzes
and dissolves,. théieby biodegmdhé. In addiﬁon, the surfgce modifying agents(s), which are
attached to the surface of the polymer core, are typically also bicactive. The surface modifying
ageﬁt, for example, may assist in targeting the nvanopani.clcsA to a desired site (e.g., as an
antibody) or in retaining the nanoparﬁclg at the site (?.g., as-a cell adhesive). -

. As used herein, the terms 'biocompaﬁblc polymer” or "biomaterial” d;:note any synthctié
or nétumliy-deﬁved polymeric material which is known, or becomes known, as being suitable
for in-dv?elling uses in the body of a living béing, ie., isv biologically inert and physiologically
acceptable, non-toxic, and,. in the sustained release dnig delivery gystems of the present
ihvention, iS biodegﬁdable‘ or bimlc in the environment of t.xse, i.e., can be resorbed by
the body. - |

. INustrative biomzexials suitable for use in the practice of the invention inclu&e naturally-

_ derived polymers, such aséa&a, chito-snn, gelatin, dextrans, alﬁumins, a!ginéiés/starch, and the -
like; or synthetic polyhm, whether hydmphili;: or hydrophobic.

Biocompatible, biodegradable synthetic polymc'rs which may be used to formulate

nanoparticles include, but are not limited to, polyesters, such as polylactides, polyglycolides, and

ﬁolylactic polygiycolic copolyme;s (PLGA); pslyethers. such as such-as}hydroxy—tcrminaled poly

(e—cnpmlabtone)-_polyether or polycaprolactone (PCL);.polyanhydrides; polyalkylcyanéacry lates,
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such as n-butyl cyanoacrylate; polyacrylamides; poly(onhocsxcrs); polyphosphazenes; polyomino
acids; and biodegradable polyurethanee. It ‘is to be understood that the term polymer is to be
construed to include copolymcrs and ollgomers »

In a prefcned embodiment, the bxooompanble, blodcgm‘lablc synthetic polymer is
polylactic polyglycolic acid co-polymer (PLGA; available from Birmingham Polymers, Inc,
Birmingham, Alabama) PLGA, for cxcmple, is FDA apnroved aml cunently used for surgicnl
sutures. Addmonally, PLGA is commercxally available in a wide range of molecular weights
wnth various biodegradation chamctmsucs PLGAs smtable for use in the practice of the
invention have molecular weights in the range of from about 30.000 to 700,000, typically 30,000
to 90,000, with an intrinsic viscosity ranging from 0.5 to 10.5..

In another preferred embodiment of the invention, the bnooompanble brodegradablc
syntheuc polymer is a polycaprolactonc specrﬁcally. novel polyaprolactone—based multiblock
copolymers which contain hydrophobic and l_lydmphxlxc segments. Ina parueulaxly preferred

embodiment, the multiblock copolymer is epoxy-derivatized and surface-activated as will be

 discussed more completely hereinbelow.

As used herein, the term “biocactive agent” means a chemical compound, or oornbinaﬁon
of compounds, naturally-occurring or symlretic, which possess the property of inﬂuencing the
normal and pathologic behavior of living systems. A bicactive can be therapeutic, diagnostic,
prophylactic, cosmetxc, nutnuonal etc. In some cases, the bioactive agent can be bioinactive

in the broad sense; an excipient or filler; an adjuvant;. which: will: act’ in conjunction, or



10

15

20

WO 9620698 . PCT/US96/00476 -

combination, with one ;ar more othc_r biocactive agents; §r a surface modifying agent as will ‘bc
defined more completely hereinbelow. |
. Of course, the u:rm “bicactive agent includes pharmaceutical agents, alone or in
combination with other pharmamuucal agents and/or bioactive agents
In preferred embod:ments of the i invention, the phamxaccuual agent is a cardiovascular .
agent, particularly a Qrdiovascular agent ;vhich is uscful for the trmtmcni of rcstcnos'is of
vascular smooth. muscle cells. The wdlovascular agem may bea stimulator, such as platclct
derived growth factor, endothelial cell growth factor, fibroblast growth factor, smooth muscle '
cell-dcnved growth factors, Interleukin 1 and 6, transforming growth factor-8, low density
llpoprotun, vasoacuvc substances (Antiotension II, epinephrine, norepinephrine, -SHT,
neuropeptide substances P&K, endothelin), thrombin, leukotrins, prostaglandins (PGE;, PGL;?, |
epidermal growth factors, oncogenes kc-myb, c-myo, fos), or pmlifemﬁhg»ecll\ nuclear antigen;
inhibitors such as transforming growth factor-g, heparin-like factors, or vasorelaxant substances;
antithrombins, such as heparin, hirudin, or hirulog; antiplatclet agents, Isuch as aspirin,
_ dipyridamole, sulfinpyrazone, salicylic acid, excosapentacnoxc acxd ciprostene, and anubod:cs
1o platelet glycopmtem Hb/llla calcium channel blockers, such as mfedxpme vcrapamxl
diltiazem; antitensin converting enzyme (ACE) mhlbltors, such as captopril or cilazapril;
immunosuppressants, such as @ids or cyclosporin; fish oils; growth factor antagonists, such
as angiopeptin or trapidil; cytoskeletal inhibibm, such as cytochalasins; 'antiinﬂmnmatory.agcms, .

such as dexamethasone; thrombolytic agents,. such as streptokinase or urokinase; and
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antiproliferatives, such as colchicine or U-86983 (provided by the Upjohn Company, Kalamazoo,
MI; hereinafter "U86"); genetic material suitable for the DNA or anti-sense treatment of |
ca:dioyascular diséﬁc; protein kinase inhibim, such asvstaurospoxin dr the like; smooth muscle
migration and/or contraction inhibitors vspch as the cywchalasms, suramin, and nitric oxide-
releasing compbunds, such as nitroglycerin, or analogs or functional equivalents thereof. Ina
particularly prcferred embodiment, directed to the treatment of restenosis, the bioﬁctive agent
is the cytoskcletal inhibitor, cytochélasin B. |

Of course, genetic mlex:ial'for the DNA or anti-sense treatment of cardiovascular disease
is specifically included. Dlustrative examples are platelet-derived growth facwr, transforming
growth factors (alpha and beta), fibroblast growth factors (acidic and basic), angiotensin II,
hepaﬁn-binding epidermal growth factor-like molecules, Interleukin-1 (alpha and beta),
Interleukin-6, insulin-like growth factors, ‘ono@gcnes. proliferating cell nuclear antig_en, cell
adhesion molecules, and platelet surface antigens. |

In still other cmbodlments of the invention, the bioactive ageni is_é prdtein or peptide-
based vaccine, such as bacterial vaccines, including tetanus, cholera toxin, Staphylococcus
enterotoxin B, Pertussis, pneixmoeoccus, Staphylococcus and Streptococcus antigens, and others,
E. Coli (enteropathogenic); and viral vaccine proteins, such as all AiDS antigens, viral proteins
(e.g., influenza virus. proteins, adenovirus, and others), live virus in microcapsules (e.g.,

attenuated poliovirus), Hepatitis viral components, and Rotavirus components; viral and bacterial
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polysaccharides; and DNA-based vaccines. In a particularly preferred embodiment, the protein-
based vaccine is Tetanus-Toxoid.

In other embodiments, direcu;d to the treatment of cancer, the bioactive agent is an

 anticancer agent, illustratively alkylating agents, such as mechlorethamine, cyclophésphanﬁde,

1fosfanude mephalan, chlorambucd hexamcthylmclanune, thiotepa, busulfan, carmustine,
lomustin, lomustine, semustine, steptozocin, dacarbazine; ant:mctabohtes such as methotrexate,
fluorouracil, floxuridine, cy\ara.biqe, mercaptopurine, thioguanine, pemostatin; natural products,

such as alkaloids ‘(e.g., vmblasnne or vincristine), toxins (e.g., etoposide or teniposide),

" antibiotics (e.g., such as dactinomycin, daunorubicin, bleomycin, plicamycin, mitomycin), and

enzymes, (e.g., L-asparaginase); biological response modifiers, such as Interferon-a; horm'one_s

and antagonists, such as adrenocortocoids (e.g., dexamethasone), progestins, estrogens, anti-

- estrogens, androgens,' gonadotropin releasing hormone analogs; miscellaneous agents, such as

cisplastin- mitoxantrone, hydroxyurea, procarbazine ‘or adrenocortical suppressants (e.g.,

-mitotane or anunogluwthmude) Other examples, specificaily mcludc, annmncer gcnes such

as tumor suppressor genes, such as Rb and P%, cytohne-producmg genes, tumor necrosis factor
a-cDNA, caminoembfyonic antigen gene, lyphokine gene, toxin-mediated gene therapy, and
antisense RNA of E6 and E7 genes.

Bioactive agents useful in the practice of the invention, include, without limitation,

enzymes, such as coagulation factors (prothrombin), cytokines (platelct—duived growth factor,

fibroblast growth factor), cell adhesion molecules (I;Cam-, V-Cam, integrin); transport proteins,
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such as albumin, ferritin, transferrin, calmodulin; and biologically active peptides, such as those
containing arginine-glycine-a\lanine (RGD sequence); biopolymers, such as nucleic acids (DNA,
RNA, oligonucleotides (sense and antisense DNA and RNA), protamine, collagen, elastin,

matrix proteins (e.g., glycoproteins, agnan, glycan); carbohydrates, such as ‘mono- and

~ polysaccharides, dextran, agar, agarose derivatives, monomeric and polymer-crosslinked .

polysaccharides; protoglycans, such as heparin, heparan, dermatan-sulfate, and related
macromolecules; lipids, such as phospiwolipids, cholesterol, triglycerides, lipdproteiqs,
apolipoproteins; synthetic agenm such as detergents, pharmaceuticals (specifically including
blsphosphonam ion channel agents, and calcmm channel bloclners), imaging agents, and
polymers, such as cyanoacrylam polyamme acids; and crystalline salm such as
osteooonducuve salts whxch are conducive to bone-mmcxal formation, such as calcium
phosphaxcs hydroxyapaute, octamlcmm phosphate, tnmlcxum phosphate or trace metals, such '
as ferric chlonde, alumma, alurmnum chlonde or znc, magnes:um, or cobalt salts. _
In still;funhcr embodiment, the bxoat:_uve agent is a nucleic acid, specifically an RNA,
DNA, oﬁﬁmucleotides _of RNA or DNA (sense and antiscﬁsc). ,Speciﬁmllvy, included are
osteotropic gene or gene segments, such as bone morp_hogenic pmtgin§ (BMP2 anq 4 aﬁd
' othexsj, transforming growth factor, such as TGF-g81-3, activin, phosphoprbteins. osteonectin,
osteopontin, bone sialoprotcin, osteomlciﬁ, vitamin-k dependent proteins, élycopmt.eins, and

collagen (at least I and II).
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As used herein, the term "surface modifying agent® is defined as any chemical or

biological compound, which may be a bioactive agent, _having' the property of altering the -

surface of nanoparticles so as to performone or mbre of the following functions: io target
binding of the nanoparticles to tissues or éells’ of living systems, to enhéncc nanoparu'clel
sustained release properties, including ramﬁon at the site of administration, to protect
nanoyarticie-incorpomwd bicactive agents, to 1mﬁart antithrombolytic effécts, to improve
suspendibility, and to prevent aggregation. ’ '

Surface modifying ~agems include, but are not limited, various synthetic po]ymers, A
biopolymers; low molecular weight oligomers, natural products, and surfactants.
. . Synthetic polymers which are useful as surfacc modifying agents include carboxymethy!

cellulose, celluiose, cellulose acetate, cellulose phthalate, polyethylene glycol (Carbowax),

polyvinyl alcohol (PVA), hydroxypropylmethyl celluiose phthalate, hydroxypropy! cellulose,

sodium or calcium salts of carboxymethyl ecllulose,A noncrystalline cellulose, polaxomers such

* as Pluronic™ F68 or F127 which are bldck -copolymers of ethylene oxide and p;'opylene oxide

'available from BASF, Parsippany, NJ, poloxamines (Tetronic 908, etc.), dcxtmns,‘ swellable
hydrogels which are mixtures of dextrans, such as diethyl amino-ethyl dextran (DEAE-dextran),
polyvinyl pyrolidone, polystyrene, ahd sﬁimms, such as Bentonite or Veegur'n.v

Natural products, include proteins and peptides, such as acacia, gelatin, casein, albumins
(ovalbumin, human albumins, erc.), myoglobins, hemoglobins, and sugg.r-containing compounds,

such as tragacanth, sugars, such as sorbitol or mannitol, polysaccharides (e.g., ficoll), and
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pectin, (laﬁous lipids are specifically included, such as l&:ithin, phospholipids, cholesterql,
beeswax, wool fat, sulfonated oils, and rosin scap.

Protems and peptides specifically contemplated to be within the invention include vascular
smo;)ﬂl muscle binding proieins, illustrativg'.ly, monoclional and polyclonﬂ ‘anﬁﬁodies, F(ab‘),,A

Fab', Fab, and Fv fragments of antil‘)odies.‘growth factors, cytokines, polypeptide hormones,

macromolecular recognizing extracellular matm receptors (such as integrin and ﬁbmnectin

receptors and the like); peptides for imme_uulaf stroma and matrix localization, such as any
peptide having an affinity for extracellular glycoprotein (e.g., tenascin), collagen, reticulum, or
In embodiments directed to cancer therapy, for example, surface modifying agents
incl;ldc, tumor cell binding prqteins. such as those associated with epitopes of myc, ras, ber/Abl,
erbB, mucin, cytokine receptors (e.g., IL-6, EGF, TGF, myc) which localize to certain
lymphomas (myc), carcinomas, such as colon cancer (ras), carcinoma (erbB)._adcnocaminoma
(mucins), breast cancer and hepatoma (IL-6 receptor), breast cancer (EGF and TGF),
respectively. J : |
. ‘In mMMB directed to immupintion, sﬁrface modifying agents include toxins and
toxoids, such as 7cholcm toxin or toxoid, ;:r fragmenfs of same B-chain) to enhance its uptake
or increase immunogenicity. Other surface modifying agents specifically include
immunostimulants, such as muramyl dipeptide; biock co-polymers (e.g. , Pluronics), lipid A, and

the vaccine antigen of the.entrapped vaccine:
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Nlustrative non-nomc surfactants which serve a surface modifying agems are

, polyoxyethylenc sorbitan fatty acid esters (available commemally from Hercules Inc.,

lemmgton, DE under the trademark Tween), sorbitan fatty acid ester (available commercially
from Hercules, Inc. under the trademark Span, fatty alcohols, such as cetyl é.lcohol or stearyl

alcohol, alkyl aryl polyether suifonate (available from Sigmﬁ Chemicals, St. Louis, MO under -

 the trademark Triton X), dioctyl ester of sodium sulfonsuccinic acid (available from Atlas

Powder Company, Wiimington, DE under the trademark Aerosol OT®). Anionic surfactants

include sodium dbdecyl sulfate, sodium and potassi‘um salts of fatty acids (sodium oleate, sodium

- palmitate, sodium stearate, efc.), polyoxyl stearate (Mryj®, Atlas Powder' Company),

polyyoxylethylene lauryl ether (Brij®, Atlas Powder Company), sorbitan sesquioleate (Aracel®,

Atlas Powder Company) triethanolamine, fatty aclds, such as palmmc acnd smnc acid, and

_ glycerol esters of fatty acids, such as glycerol monostearate. Exemplary auomc surfactams

mcludc dndodecyldxmcthyl ammonium bromldc (DMAB). cetyl tnmcthyl ammonium bromide,

banzalkomum chioride, hexadecyl tnme!hyl ammonium chloride, dlmemyldodecylammopmpanc

, N-cetyl-N-ethyl morpholinium e_thosulfate (Atlas G-263, Atlas Powdcr Company).

The aforementioned bioaciive agents and surface modifying agents are illustrative only.
Any bioactive igmt and/or surface modifying agent which can ‘be incorporated into a
biocompatibie, biodegradable matrix and/or attached to the surface of polymer,- such as by
coating or covalent anachment is.within the contemplation of- the invention herein. Broadly,

the clasmﬁuuon of bioactive- agents has been broken- down into categories depending on the
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method used o incorporate them in nanoparticles based on the hydrophobicity/hydrophilicity of
the agent. | |
In accordance with a method embodiment of the present invcnﬁon, nanoparticles may be
prepared by what is generically termed herein as an “in-solvent emulsification-evaporation”
technique using single (0il-in-water) or multiple emulsifications (water-in-oil-in-water) depending
upon whether the incorporated bioactive agent is hydrophobic or hydrophilic, or ;a

protein/peptide-based hydrophilic agent, such as DNA-containing agents. For a semipolar

~ bioactive agent, a co-solvent system using a combination of polar and nonpoiar solvents is used -

to form a single organic phase to dissolve both the bioactive agent and pblymcr which, \;'hcn
emulsified in an aqueous phase, forms an oil-in-water emulsion.

_For hydrophobic bioacﬁ;/e agents, the polymer and hydrophobic active agent(s) are
dissalved in an organic solvent. The organic solution is added drop-wise to an aqueous solution
of a detergent, surfactant, or other gmulsifying agent, with sonification (15 to 65 Watts energy
output over a period of 30 seconds to 20 minutes, preferably about 10 minutes) to form a stable '
emulsxon The sonification takes place over an ice .bath'in order to keep the polymcr- from
mdﬁng. Emulslfymg agent is typically present in -thc'aqueous solution in an amount ranging
from about 0.1% to 10% le, and preferably about 1% to 3% w/-v. The organic solvent is
evaporated from the emulsion. The nanoparticies are separated from the remaining aqueous |
phase by centrifugation, or preferably ultm:cnirifugation (120,000 to 145,000 g), washed with

water, and re-_cmu'ifuged and decanted.
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The washed nanoparticles are msuspended in water by sonication ﬁliusg;ﬁvely, 63 Watts

for one minute over an ice bath) and; in some embodiments, lyophilized for storage and/or
' ‘subsequent processing. Lyophilization is done by first freezing the nanoparticle suspension over
dry ice for 30-60 minutes and then lyophilizing in a lyopluhzer (such as Model FM 3SL plus,
5 _ sold by The Virtis Conipany, Inc., Gardiner, NY) at temperatures of from about ranging from
bout -30° C to -55° C under a vacuum of 500 millitorr or less for a period of ;ime of at least
2448 hours. In speciﬁc embodiments herein, lyophilization was conducted at a temperature of
-55° C and vacuum at 55 millitorr for 24-48 hours. The lyophilized nanopamcles are stored at
4° Cinan anhydrous envmmmem

10 - The nanopanicles are stored in a desiccated form inasmuch as water can erode the
~ polymer. The nanoparticles may be sterilized by radiation, sheh as gamma radiation (2.5 Mrad)
. or electron beam technology, as is hlewn in the art. In the alternative, the nanoparticles may
be prepared in a sterile envimmﬁent using éteﬁle components. Of course, other means of
sterilizing the nanopamcles can be employed In addmon, the nanoparticles may be stored at

15 room temperamre but are preferably stored at 4° C.

Sumhle surfactants useful in the pmcnee of method embodiments of the present
invention, for making oil-in-water emulsiops (¢.g., Examples 1, 8, and 20), include without
limitation, pelyvinyl alcohol; polyoxyethylene sorbita:_l fatty acid esters sold commercially under
the trademark Tween (Hercules, Inc, Wilmington, DE); polyethylene glycols; triethanolaxhine ‘

20 fatty acid esters, such as triethanolamine oleate; sodium or potassium salts of fatty acids, such
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as sodium oléntzﬁ; sodium lauryl sulphate; cellulose acetate; polaxomers such as Pluronic™ F68
or F127 which are block copolymers of ethyiene oxide and propylene oxide available from
BASF; and quaternary ammonium compounds, such as didodecyldimethyl ammonium bromide
(DMAB). Fox; ‘making ivamr:infoﬂ emulsions (e.g. ) ﬁrst emulsion in multiple emulsion
Examples 5 and 10), sorbitan esters of fatty ac;ds, such as those marketed under the trademark
Span' by Hercules, Inc., fatty alcohols, fatty acids, and glycerol esters of fatty acids, such as
glycerol mﬁnosmtz\, are preferred. ‘ :
| " For hydrophilic bioactive agents, a techmquc using a co-solvent system has been
developed. The polymer'is-dissolved ina non'pol_arn 'qrganic solvent, such as methylene chioride,
chloroform, ethyl acetate, mhydmfut;n, ‘hexafluoroisopropanol, or hexafluoroacetone
sesquihydrate. The watcr-s(;luble bi@ﬁw a'gcm is dissolved in a scfnipola.r organic solvent,
such as dimethylaccmhide (DMAQ), dimethylsulfoxide (DMSO), dimethylformamide (DMF),
dioxane, and acetone. When combined, the result is an organic phase incorporatiﬁg both
polymér and bicactive agent. The organic phase is emulsified in an aqueous solini;m of an.
emulsifying agmtv\as-de,scribed with respect to the technique for hydrophobic bicactive agents.

. In some embodiments, an agent can be added to the organic solution to favor partitioning
of the hydrophilic bioactive agent into tﬁe organic phase upon sélidiﬁmn‘on’ of the nanoparticles.

As an example, a fatty acid salt, such as sodium palmitate, an anionic agent which forms a

complex with a cationic drug, such as ibutilide, to force the ibutilide into the organic phase.

Other agents which favor pﬁm’tioning into the organic phase include agents that affect the pH
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~

of fhc aqueous phase, or that increase the viscosity of the aqueous phase. Specific exainplcs of
agezﬁs favor partitioning, include without limitation, cationic and anionic lipids (depending upon
the charge of the bioﬁctive agei:t), and multivalent, polycationic agents, such as pro_tamim;' or
polyamino acids, including polylysine and polyarginine.

While proteins and vaccine antigens, for example, are highly water-soluble, a multiple -

* emulsion technique was developed for forming protein-containing nanoparticles. In this

technique, the water-soluble proteins are dissolved in distilled water to form a first aqueous
phase. The polymer is dissolved in a nonpolar organic solvent such as chloroform or methylene E
chloride. The prbtzin;containing aqueous solution is emﬁlsiﬁed in the orgaxiic solution. with
sbniﬁcation to form a water-in-oil primary emulsion. A secondary c_mul-sion‘is formed by
cmﬁlsifying the primary emulsion into an aqueous solution of an cmulsifyi.ng Agbnt to form a
. water-in-oil-in-water emulsion. The organic solvent is then evaporated from the water-in-cil-in-
water emulsion. The resulting nanoparticles are separated from the remaining ;.:queous phase
by centrifugation, washed, and Iyophilized as préviously described. |
The surface of the pre-formed biocompatible, biodegradable nanoparticle core may be
modified to obtain various advantages. For intravascular targeting of local drug therapy, for
cxampie,'it Md be useful to enhance retention of the nanoparticles by the arterial wall by '
mcorporanng ﬁbmnecxin, for example. For use as a vaccine, it would be useful to enhance the
immunogmﬁcity of the particles for better adjuvant properties . In this case, immunostimulants,

such as muramyl dipeptide, Interleukin-2, Lipid A, and the vaccine antigen,, such as cholera



10

15

20

WO 96/20698 , : PCT/US96/00476

-20-

toxin or the B-chain of cholera toxin, could be mcorpomted and/or adsorbed to the surface of

~ the nanoparticles. Of course, thc possnbthtm are numerous, and specifically include -

antithrombogenic agents and mucoadhesives, for example.

Other advantages include meﬁg to cells, protcinﬁ, or tﬁauix, protéction of the
mcorpomed bicactive agent and enhancement of sustamed release characteristics. In addition
to the foregomg. the surface can be modxﬁed to increase shelf life, such as by building-in a
desiccant to prevent aggregation. Momvér, placing a surfactant or detergent on the surface,
such as DMAB, or 'a ’sugar or polysaccharide, such as mannitol, ficoll, or sucrose, mitigates
aga'inst the need to sonicate when the stored, desiccated nanoparticles are resuspended prior to

_Surface modification of pre-formed nanoparticles is panic{xlarly advanﬁgéous since it
avoids comphamons wnth chemical compaubxhty which could lead to failure of particle
formation, ln a method aspect, the surface of pre-fonned nanoparticles can be modified by

" adsorbing, or physically adhering, at least one surface modifying agent to the nanoparticles,
without chemical bonding. |

One advantageous method for adsorbing a surface modifying agent to the nanoparticles
comprises the steps of suspending the nanoparticles in a solution of the surface modifying agent,
or agents, and ﬁ'eezz-drymg the suspension to produce a coa;ing on the nanoparticles. In this
preferred method embodiment, the pre-fom‘xed. nanoparticles are suspended in a. solution of

surface modifying agent in distilled water, in a concentration ranging from about 0.5% to 15%
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wiw, and pre’fexably-about 5%. Typically the suspension containg about 100 mg to 1 gram of
hanopar_ticles, and m the embodiments prucnu;d herein, about 200 mg.
In other embodiments of the in\'rentioh, the surface modifying agent is covalently linked
to the ‘pre-formed nanoparticles. In a preferred advamageous embodiment of the invention, a
.5 - method has been: developed to mcorpomtc ‘reactive epondc snde chams into the polymeric
-material compnsmg the nanoparticles, which reactive side chains can oovalently bind other
molecules of interest for various drug delivery apphmons This techmquc is pamcularly uscful
masmuch as the polylacnc polyglycolic acid co-polymers widely used in drug delivery research
for biodegradable formulations inherently lack reactive groups, and thereforc, are difficult to
10 derivatize. -
| In a method aspect, the nanoparticles are subjecwd to at least pamal hydrolysls to create
reactive groups on the surface which, in lhc case of PLGA, are hydroxyl groups. However in
the case of PLGA. Howcver it is to be understood that the reactive funcuonal groups on the
polymer may also be ammo, anhydndes carboxyl, hydroxyl, phenol, or sulfhydryl After
15 - reactive functional groups are cxmted,- the nanoparticles are then contacted with reactive
| muitifuncti@ epoxide compounds to form epoxy-activated nanoparticles. The epoxy-activated
nanoparticles will chemically bbnd 10 reactive groups on bioactive\ agents, which reactive groups ,,
may be amino, anhydrides, carboxyl, hydmxyi, phenol, or sulfhydryl.
The. epoxy compounds suitable for the pracn'ée of the preseﬁt invention may be ’

20 monomers, polyepoxide compounds, or epoxy resins. Ilustrative reactive bifunctional or-
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polyfunctional epoxides suitable for use in the practice of the invention include, without
limitation, 1,2-epoxides such as ahyle_ne oxide or 1,2-propylene oxide; butane and ethane di-
glycidyl ethérs, Such as diglycidyl buianediol ah&, cthanediol diglycidyl ether, or butanediol
diglycidyl ether (avaiiable from Aldrich Chemical, St. Louis, MO); erythritol anhydride; lhé
‘5 polyfunctional epoxides sold under the trademark'Demcol by Nagasi Chemicals, Osaka, Japan;
epichlorhydrin (Aldrich Chemical, St. Louis, MO); mzyﬁaﬁmlly-inducible epoxides available
from Sigma Chemicals, St. Louis, MO; and photo-polymeri;ablq epoxides (Pierce, 'Rockfoi:d,
o). In ptcfermd' embodiments, the cpqu compounds are ml epoxides which are
_ polyfunctional pquglycerol polyglycidyl ethers. For example, Denacbl EX512 has'4 epoxidcs‘
10 °  per molecule and Denacol EXS21 has § epoxides per molecuie. ‘

_ In a specific preferred embodiment, the polyrhcr is contacted with the mulﬁfuncﬁona]
cpoxide compound in the presence of a ataiyst.‘ Shitablc catalysts includAe,v but are not limited
to, tertiary amines, guanidine, imidazole, boron trifluoride adducts, such as boron trifluoride- -
monoethylamine, bisphosphonates, trace metals fe.g., Zn, Sn, Mg, Al), ‘and ammonium

15 complexes of the type PhNH, + AsF,. In other embodiments, the reaction can be photoinitiated
- by UV light, for qampie, in tﬁc presence of an appropriate catalyst, w.hich may be titanium
tcmichioxide and ferrocene, zirconocene chloride, carbon tetxabrﬁnﬂdgs or iodoform.

In yet another method aspect of the invention, the surface modifying égcnt may be |

incorporated as part of the polymer matrix comprising the nanoparticie. Ina specific illustrative

20  cmbodiment of this aspect of the invention, nanoparticles having an incorporated surface
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modifying agent which is a bicadhesive, speciﬁqlly cyanoacrylate, are formed by including a
cyapoacrylatc—containing polymer, su;h'as isobutyl cyanoacrylatc', in the organic phase. When
th? nanoparﬁcia are formed by an in-solvent emulsification-evaporation technigue (see Example
14), the cyanoacrylate becomes part of the polymer core. Other polymers which would impart

5 a bioadhesive effect include hydrogels and \Pluronics.

In yet another embodiment bf this aspect of the invention, ;n: pqumer éorelis a novel
cpoxy—dcrivatiz-ed and activated polycaprolactone. Block copolymers having hydrophobic ar)d
hydr§philic segments are synthesized by multiple reactions Vbct.ween hydroxyl end groups and
epoxide groups in an ﬂlymﬁvc reaction scheme compn'sing at least the following steps:

10 (zi) dissolving a first polymcr—dio] in an organic solvent;
(b)  adding a multifunctiona! epoxide in excess to the dissolved first polymer-diol so
that one of the epoxide groups of the multifur;ctiona} epoxide reacts with hydroxyl‘ groups on the
- ends of the first polymer-déql to form an chxiqe cnd-caﬁped first pély’mcr {block A);
©) adding an excess of a second polymer-diol (block .B) to the epoxide end-capped
15 first polymer block A to form a hydroxy-terminated BAB-type triblock copolymer.

The multifunctional epoxide suitable for ﬁse in the practi‘ce of'this aspect of the invention
'include 1,2-epoxides, 1,2-propylene oxides, butane and ethane di-glycidyl ethers, erythritbl
inhydride, polyfunctional polygiycerol polyglycidyl ethers, and cpichiorhydrin. -

In some embodiments, the first polymer-diol is hydrophobic, illustratively

20  polycaprolactone, polylactides, polyglycolides, ahd‘polylactic;polyglycolic acid copolymer. The:




10

16

20

WO 96/20698 - . PCT/US96/00476

-24-

second polymer-diol, therefore, is hydrophilic. Tlustrative hydrophilic polymer-diols include,

but are not limited to polyethylene glyéol, polaxomers, and poly(prdpylcnc oxide). in other .

embodiments, the first polymer-diol lS hydrophilic and the second polymer-diol is hydrophobic.

' Advlan_tageously, the molecular weight of the ﬁfst folyma—diol can be cxpahded by
epoxide rﬁcﬁon prior to combination with the second polymer-diol in order -to control the
physical properties of the resulting multiblock polym‘er.‘ Further, ‘the method steps outliﬁed

3

above can be repeated to produce multiblock polymers of any desired chain lmgm.. ‘In’ a

preferred embodiment, hydroxy-terminated polymers can be further reacted with a-

multifun_ctional epoxide to form an epoxide end-capped polymer. Multiblock copolymers in
accordance with the present invention have hydrophobic and hydr’ophilic segments connected by

epoxy linkages and are hydroxy-terminated or epoxidé—tcrminiwd with a molecular weight

- between about 6,000 to 100,000 as measured byv gel permeation chromatography and intrinsic

viécosity..

An epoxide-terminated ;nultib]ock polymer can then be reacted with bicactive agent(s)
having at lést one functional grdup thereon whict; reacts with epoxide gmu;;s, such as aminb,
anhydrides, carboxyl,'hydroiyl, phenol, or sulfhydryl. Of course, hydroxy-terminated polymers
can react with bicactive agents eithe; through the terminal hydmxy groups,.or through the
polyfunctional epbxide groups present in the polymer chain. |

In ordef to use the nanoparticles in a practical embodiment, they may be reconstituted

| into a suspension with distilled water or normal saline at physiological' pH and osmolarity.
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Other suitable suspending media include trigiycerides, physiologic buffers, serum or other
serum/plasma protein constituents, or tissue culture media with or without serum. Of course,
excipients and additives of the type well known in the art for use in conjunction with

pharmaceutical compositions may be added. St;ch ext.:ipiems.speciﬁm]ly include complexing

» agents and permeation enhancers, such as cyclodeiuans, and osmolarity adjusting agents such

as manhitol, sorbitol, and ficoll.
In an alternative embodiment, nanoparticles may be provided in an injectable ’suspéndiflg_ :
medium which gels after application to the region of injection. For example, the sd;pending
- medium may be a poloxamer, such as those sold under u;: ﬁdcwk Pluronic by BASF, or
collagen (Type I, Type I or procollagm) which are liquid at 4° C, but solidify at 37° C. Other
exemplary suspending medﬁ Afor this embodiment, include hydrogels, such as prepolymeric
acrylanﬁdcs whiéh may be catalyzed to ,foi’m a wau:r-conmmng gel, pym'mérylﬁms, and fibrin
glue (a fibrinogen sdlqtion wlllich turns to fibrin after it is injected; commercially av;ilablé from
multiple sources, including Ethicon, Sqmerville, NJ). |
. - Typically, the nanopartiéles are Ipment iﬁ the injectable suspension at a concentration
ranging from 0.1 mg‘nanopaniclu per mi sixspcndiﬁg fluid to 100 mg nanoparticles per‘ml

suspending fluid. AFor the embodim&xts containing U86, a hydrophobic antiproliferative agent,

~ for cxampl‘c, 15 mg nanoparticles per ml is a preferred upper limit since a higher amount causes

arterial damage. The dosage of bioactive agent carried by the nanoparticles in suspension, of

course, depends on the amount incorporated in the process. A person 6f-'ordinary,skill: in the
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ant would be able to ascertain the dosage for efficacy and the requisite amount of némopanicle-
containing suspension required b administer the required dosage. Itis to be understood that the
nanoparticles may be adapted for administration by other routes, such as orally or 'to the mucous
rﬁembrahc, or may be admuuswred intramuscularly or subcutaneously. ‘ |

5 Nanoparticles made in accordance with the principles of the invention biodegrade in
periods of time ranging are 30 days or less to 6 months ormore Based on prior experience
with PCL in sustained mlcasc dosage forms, it is anticipated that embodiments where {hc

biodegradable polymer is PCL can provide suSmined release of bioactive agent for up to 3 years.

Brief Description of the Drawing - - .
10 ~ Comprehension >of the ’invention is facilitated by reading the folloﬁng detailed
. Mﬁpﬁdn. in conjunction with the annexed drawing, in which: -
Fxg 1 is a graphical All'epmtalion of the in vitro release of a hydrophobic bi’oax;tivc
* agent, U86, from nanoparticles made in accordance with the present invention which have been
subjected to sterilizing gamma radiation; A
15 Fig. 2 which is a graphical representation of the effect of surface modification and
. -.r.uspension media on the uptake of U86-containing nanoparticles expr‘essed a pg nanoparticles

per 10 mg artery specimen in the ex vivo canine model;
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Fig. 3 is a plot of neointimal/media area ratios (NI/M) plotied against the total injury
index as a measure of vascular as induced in porcine arteries by an overinflated catheter balloon
following administration of U86-containing nanoparticles of the present invention;

Fig. 4 is a graphic repmsentan'oh of the inhibition of restenosis, expressed as the NI/M

ratio, following the local ﬁnﬁnistmﬁon of déxamcthasone—containing PLGA hanopaniclcs after

~ triple angioplasty-induced injury in rats;

Fig. 5 is a schematic representation of a synﬂ;cdc procedure for coupling an'cpoxidc
compound. to an hydroxyl - end-group of polymen'c nanoparuclcs, specifically PLGA
nanoparticles, and subsequent coupling of the resulting epoxide-terminated polymc‘r with heparin;

Fig. 6 which is a graphical representation of the in vitro release .of heparin fror;\
nanoparticles of the type shown as compound 25 in Fig. 5, as measured by radioactivity,
expressed as a percent of bound heparin released over time (days); ] »

Fig. 7 is an illustrative reaction scheme for the production- of block copolymers having

a hydrophobic PCL segment and a hydrophilic segment, which may be a hydrophilic polyether; )

Figs. 8-11 show the spectra of starting materials for making the block copolymers in
accordance with the illusﬁative reaction schemeA of Fig. 7, specifically a polycaprolactone-diol
(PCL—diolj, the 'hydmph,ilic polaxomer Pluronic F68 (F68), polyethylene glycol (?EG E4500),
and a multifunctional epoxide (Denacol EX252), respectively;

Fig. 12 is the spectrum of an hydroxy-terminated block cop(;lymcr having hydrophobic

(PCL) and hydrophilic (F68) scgments are linked by an epoxide (EX252);
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Fig. 13 is the spectrum of an hydroxy-terminated block copolymer having hydrophobic
(PCL) and hydrophilic (PEG) segments linked by an epoxide (EX252) with a75:25 méla,r ratio '
of PCL to PEG; | | | '
bAFig. 14 is the spectrum of an hydroxy—lcnninawd block oopolymér' of the type shown in
5 Fig. 13, but having a 60:40 molar ratio of PCL to PEG, and therefore, a greater propomon of
hydrophlhc polymer than the copolymer shown in Fig. 13; ’
| Fig. 15 is a graphic rcpmfcmation of the percent of albumin (BSA) x?maiﬁingjn
hydroxy-terminated PCL/F68/PCLA nanoparticles made in accordance with éxamplc 18 as
function of time, in days7 >as compared to the amount of albumin remaining in a physical
10 | mixtﬁre, or dispersion, of BSA with the PCL/F68/PCL nanoparticles; |
'Fig. 16A through 16C are graphical representations of the stability of the heparin coupled
to ﬁanopam’cles comprising the triblock copolymers of Table 15 expressed as % bound heparin.
/mmaining in the nano;iarticles over time in days, specifically the triblock copolymers are an -
expanded PCL homopolymer (PCL/PCL/PCL), and hydroxy-terminated ABA triblock
15 copolyiners of ﬁolycaprolactqne a.!'ld Pluronic F68 (PCL/F68/PCL) or 'j;olycthylme glycol
' (PCL/PEG/PCL) as compared to intimate physical mixtures of heparin and the triblock
copolymers; |
\ Fig. 17 is a graphical representation of the in virro release of the hydrophobic bicactive

agent U86 from heparin-coupled nanoparticles of triblock copolymers as in Fig. 16, expressed
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as the percent of U86 rel&sed over ume in days as compared to the in vitro release of U86
from PLGA hcpann-coupled nanopamclcs,

-Fig. 18 is a graphical n:prescnmu'on of the in vitro release §f Acxmnemasone, as‘a pérccnt

' rclased over time in days, for nanoparticles of triblock copolymcrs as in Fig. 16 (Table 17);

Fig. 19 whxch is a graphical representation of the in vitro nel&sc of albumin (BSA)
mlmsed from ABA triblock copolymer films having 15% BSA loadmg and a thickness of 150
pum cxpmsed as the % BSA released over time in days,

Fig. 20 is a graphic rcpresentauon of thc in vitro rel&se of cytochalasm-B from PLGA
nanopamclcs prepared in accordance thh a method of the invention expressed as the percent
qf total cytochala’sin-B released over time (in days); andA

| Fig: 2lisa 'grapﬁiw rcprescntation of the immune response resultiné from subcutaneous
immunization of rates with Tetanus Toxoid loaded nanoparticles, as mmured by 1gG (pg/ml)
at 21 days and 30 days post- 1mmumzatmn as compared to. the immune response in rats
follo_wmg subcutaneous xmmumzauon with conventional Alum-Tetanus Toxoid conjugate; and

Fig. 22 is a plot of luciferase activity (CPM/ﬁg protein) in COS cells transfected with
specimens of DNA (luciferase)-containing PLGA nanoparticles made in accordance with the
present invention. | B '

Detaiied 'Description
In order to form nanoﬁanicles in accordance with the present invgmibn, it is-important

to reduce the interfacial energy at.the liquid-liquid interface during processing. The reduction
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in interfacial energy results in formation of a spontaneous and stable emulsion. Reduction in -

interfacial energy can be attained by addition of appropriate emulsifiers to either one, or both,

of the aqueous or organic phases.

In addmon to the use of appropnate surfactant(s), opumxunon of different formulauon
factors, such as thc relauvc volume of the two liquid phases (l 9 is optimal as the intemal to
external phase ratio, however, ratios m_iging to about 4.5:5.5 are suitable), ‘and the concentration
of ‘the polymer and bioactive agent in each, contributes to the overall ﬁarﬁéle size. The ir;put

of external energy during the emulsification procedure, such as by an homogenizer or sonicator,

* ‘results in the formation of extremely small droplets of one liquid in the other liquid phase.

Evaporation of the organic solvent solidifies the liquiddroplgts into small solid particles, termed

the "polymeric core” in this applimtion.' Bioactive agent dissolved in ecither an aqueous or

organic i)ha'sc becomes part of the polymeric core matrix.

The following are specific examples of nanoparticles and methods of making same in

~ - accordance with the invention:

~ Example I:
In a typical procedure for incorporating a hydrophobic bioactive agent into nanoparticl-cs
in accordance with the above-described method aspect, 200 mg of polymer and 60 mg drug are

dissolved.in 10 ml of an organic solvent, such as distilled methylene chioride. The organic
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dmg/ivoiymer solution is added 'drop-\;n'sc ovcf a pén'od of one minute (witﬁ sonication at 55
Watts of energy ‘output from a pmbe-type sonmtor) to 40 m! 2% w/v aqueous PVA solution
(average molecular weight 30, 000 to 70,000) that had been saturated with methylene chlonde
and ﬁltcred. The PVA solutién was saturated with methyicnc chloride because methylene.
5 ~ chloride, wh;ch is partié]ly soluble in water, would cause the polymer to separate from the
dmg/polymér solution immediately upon its addition into the aqueous phase because of diffusion .
of rhethylenc chloride into water. Avoiding prcmaturc precipitation aids the creation of an
emulsion having a relatively uniform parucle size dlsmbutmn Filtration of the PVA solunon
pnor to use is helpful since commercially available PVA (Sigma, St Louis, MO) contains a
10. small fraction of high molecular weight PVA molecules (> 70,000) which are not soluble in
water. _Sonimﬁbn 1s continued‘ for a total of iO_ minutes at 55 Watts. This results in the
_formation of an oil-in-water emulsioh. Af_tcr 18 hours of stirring at room temperature over a
magne;ic stir plate to evaporate the solvent, nanoparticles are recovered by centrifugation at
145,000 g. The recovered nanoparticles are washed three - times with distilled water,
15 ‘resuspended again by soniqatibﬁ in 10 ml distilled water over an ice bath, and lyophilized at -
60°under lOO'n‘xilliwrr vacuum for 48 hours. The lyophilized nanopamcles are dried in a
dessumor for another 48 hours and stored at 4° C in a dessicator until use.
Example 2: ‘
PLGA-lipid nanoparticles were made by dissolving. i30 mg PLGA in 10 ml methylene

20 chl.oride; A..'lipid solution (4 ml; available in chloroform at a concentration of 10 mg lipid
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per/ml from Sigma, St. Louis, MO) was added to the PLGA solution to form an organic phase.
In this embodiment, the lipid is L-ajdidleoylpht;sphatid);le’thanolamin;. A hydrophobic drug,
which in this example is U86 (60 rﬁg); is dissolyed in the organic phase. The bfgmic phase was
emulsified by sonimtion'i_nto 40 ml 2.5% w/v aqueous PVA to fc.)rm‘ an o‘il-in-watcr emulsion.
’l'herrganic solvent was evai;orawd by stirring the emulsion in an open container for 16 hours. '

Nanoparticles were recovered by ultracentrifugation at 140,000 g, washed three times with

waier, and lyophilized. The PLGA-lipid nanaparticles were recovered in about 60% yield, with

U86 loading of 26%. The mean particle diameter v;vaS'IOO + 39 nm.

In this exampl;, the secbnd bioactive agent which is a lipid, functions both as a
partitioning agent »anc_i a surface moaifying agent. ’

The hydrophobic drug, dexamethasone is formulated into PLGA nanoparticles by the
following illustrative procedure. | V

600 mg PLGA is dissolved in 24 ml mqhyl;mc chloride. Dexamethasone (200 mg) is
dissolved separately in a combination of 4 ml acetone and 2 ﬁl ethanol. The dexameth;ﬁone
solption is added to the;polymer solution o form an org;mic phase. The organic phase is
etﬁulsiﬁed i;xto- 126 ml 29§ PVA solution to form an oil-in-water emulsion. Organic solvents

are evaporated at room temperatures with stirring over a stir plate for 18 hours. Nanoparticies,

" thus formed, are recovered by ultracentrifugation, washed thréc times with water, resuspended
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a_n& Iyophilized. This procedure forms nancparticles in 60% yield, with a drug loadiné of
15.5% wi/w, and average particle size of about 160 nm.

PLGA nanoparticles containing ciprostene, a hydrophobic prostaglandin antag‘onist
(Upjohn, Ka.lamazoo 'MI), were made in accordance with the techmques of Example .1 rclatmg .
to hydrophobic agents, but using a co-solvent system comprising a polar and scmnpolar organic
solvent. ‘ - -

In a typical procedune; 300 mg PLGA is dissolved in a2 mixture of 7 ml methylene

~ .chloride and 3 ml acetone. Ciprostene (70 mg) is dissolved separately in 3 ml dimethyl

acetamide ahd mixed with the polymer solution to form an organic phase. The organic phase

s Emul;iﬁed in 30 ml of 2% PVA solution, adjusted to pH 4.5 with monobasic sodium
phosphate, using a probe sonicator set at 65 Watts. of energy output for 10 minutes to form an

' oil-in-water emulsion. The emulsion is stirred for 18 hours. Nanoparticles are recovered by

ultracentrifugation, washed three times with Water._ resuspended and lyophilized. The pH was

adjusted to favor panitibning of the drug into the organic phase to improve entrapment

efficiency.
The cxprost:ne-loaded nanoparticles had a small mean panu:le size. At21.6% w/w drug
loading, the mean particie dlameu:r was 97.4 + 38 nm. Another batch of nanopa.mclcs. havmg '

15.5% drug loadmg, had a mean pamcle diameter of 82.8'+ 54 am. When sub]ected to in vitro
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release studies (phosphate buffer at pH 7.4, 37° C), 100% of‘ the incorpoxﬁt;:d drugs were
released by 65 days and 40 days, rcspectii'cly. 4

Using standard in vitro platelet aggrcgoﬁxcuy techniques, a dose-response curve was first
developed with free ciprostene to determined its inhibitory potency against standard ADP-
induced platelet aggregatioﬁ. The IC,O'for the drug in this experiment was roughly 0.28 ug/ml.
Concentrations of PLGA nanoparticles ranging from 0.3 to 30 ug/ml (actual ciprostene
concentration of 0.06 to 6 ug/ml due to 20% drug loadxng) were addcd to platelet rich plasma

samples heaxed to 37° C. The platelet inhibitory effects were monitored after 1 minute. The

- ICy for the polymer-incorporated ciprostene was 0. 59 ug/ml. Non-drug containing PLGA

nanoparticles, as controls, had no obvious effects on the aggregation profile of pig platelets to
the agonist ADP. A comparison of the ICys of ‘the free ciprostene and the nanopam'c}e-
incorporiled ciprostene suggests ﬁm roughly 39% of the polymer-loaded drug becomes available
to the platele;s in the in vitro system. |

Example ¢: | |

An illusumivcr example 6f in\corpox;at.in.g a hydropﬁilic bioajc‘t.ive agent, ibutilide,linto
PLGAA nanoparticles is given .be_,l;:w. | '

In a typical cxa.mplg a fatty acid soiution is formed by dissolving 93 mg of palmitic acid
sodium salt in a co-solvént system consistiﬁg of 2.25 ml dimethyl acetamide and 3 mi methylene:

chioride. The fatty acid solution is warmed over a water bath (temperature <40° C) until a
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clear solution is formed. PLGA (275 mg) and ibutilide (25 mg; molar ratio of fatty acid to
ibutilide is 5:1) ax"c. added to‘thc fatty acid solution @d are stirred until ;he soluu'.on forms a
clear gel. While still warm, the clear gel-like solution is added to 20 ml 2% PVA solution ,
prepared in borate buffer saturated with methylene choride (50 mM, pH 9.0, prepared by
adjusting the pH of boric acid with 5 N HCI). The oombmanon is somated at 65 Watts of
energy for 10 minutes for form an oil-in-water emulsion. The emulslon is stirred over a

. magnetic stir plate for 18 hours. Nanoparticles are recovered by ultracentrifugation at 145,000
g; washed three times with water, 'resuspalded in water and lyoph\ilizad»-for' 48 hours. In this .
particular embodnmcnt the nanopameln were pmduoed in 60% yield with an avcragc pamclc
diameter of 144 nm and 7.4% w/w drug loadmg (Sample 22 on Table 3).

A partitioning agent, whxch in this case is an anionic fatty acid (palmitic acid) forms a
complcx with the cationic drug, ibutilide, duc to ionic interaction. The eomplex thus formed
is hydrophobic and, therefore, partitions into the organic phase. Smce the eomplcx is also ionic,
it will separate again, durmg bioerosion, into drug and fatty acid to release dmg from the

" nanoparticles, - » A A R

The ratio of semipolar to nonpolar solvents in the co-solvent system depends upon the
solubility of the drug ahd the poiymcr. The proportion must be adjusted so that the co-solvent
system dissolves both drug and polymer. A person of ordinary skill in the art would be able to
select the xjight combination of solvents on the basis of their polarity for any given drug/polymer

gombination.
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A mulﬁpfe water-in-oil-in-water emulsion technique used (o incorporate an exemplary

_ pmtexn bovme serum albumin (BSA), into nanoparticles.

In a typical preparauon BSA (50 mg) is dissolved in 500 pl water. A polymer soluuon

is prepared conswtmg of PLGA (150 mg) dissolved in 5 ml methylene chloride. The BSA

solution is emulsified into the polymer solution with 65 Watts of ‘energy output from a probe o

sonicator to form a primary water-in-oil emulsion. The primary emulsion is further cmulsxﬁed
into a PVA solution (2.5% ‘w/\.v, 40 ml, 30,000 to 70,000 M. Wt.) by sonication at 65 Watts

for 10 minutes to form a multiple water-in-oil-in-water emulsion. The multiple emulsion is

stirred over a stir plate for 18 hours to remove organic solvent. Nanoparticles are recovered by -

ultracentrifugation, washed three times with water, resuspended, and lyophilized. The yield of
BSA-containing nanppenicles made by this technique was 57%. The average panjele diameter
was 160 nm with 18% wiw drug loading. o | |
IL kine Ultrasmall Nanopar o

1n another preferred speciﬂc illus;rative embodiment, ultrasmall nanoparticles are formed
in accordance wuh the principles of the invention by a technique using a co-solvent system
which has been developed b further reduce the interfacial ex{ergy so that uitrasmall emulsion

droplets are formed. Ultrasmall nanoparticles are defined herein as having a mean diameter of
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between about 10 nm to 50 nm, and more preferably 20 nm to 35 nm. In addition to the co-

'solvent systcm; increasing the amount of energy ipplied with the sonicator probe from 35 to 65.

" Watts contributes to the smaller size of the particles. Also, the use of certain emulsifying
- agents, particularly DMAB, contribute to the production of ultrasmall nanoparticles. - Other

cationic detergents, notably cety! trimethyl ammonium bromide (CTAB), hexyldecyl trimethy!

ammoniqm chlén'de (CTAC), have been found to producc similar results.

“In a2 typical example, the co-solvent system is a combination .qf a nonpolar organic
solQem, sﬁch as methylene chloride, chloroform, or ethyl acetate, and a semi-polar organic’
solvent, such as acetone, dimethyl §ulfdxid_e (DMSO), or dimethyl acetamide.

Polylactic.polyglycolic acid copolymer (100 mg) and bioactivc agent are dissolved in §

~ml of an organic co-solvent system of dichloromethane and dimethylacetamide (2:3 by volume)

. to comprise an organic phase. The organic phase is emulsified in an aqueous phase (20 ml)

containing 2.0% w/v PVA (9,000-10,000 molecular weight, 80% hydrolyzed) by sonication
using a probe sbnjator with an energy output \of 65 Watts for 10 minutes in an ice bath. The
emuision is stirred for 18 hours at room temperature. Then, the emulsion is dialyzed for 18
‘hours using dialysis tubing of molecular weight cut-off 12,000 to 14?000. The particles are then | <
lyopﬁilizéd for 48 hours and desxccaled | ‘ |

While Example 6 is directed to making ‘ultmsmal'l nanoparticies incorporating a

hydrophobic agent, the technique is applicable to hydrophilic agents. A multiple emulsion
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technique (water-in-oil-in-water), similar to Example 5, may be used wherein the hydrophilic

* bioactive agent is dissolved in the aqueous phase. . -
' Tal_)le 1 be]ow is partial listing of surface lﬁodifying agents, their intended n:sults,- and
5 suggested methods ot;_ incor'porating' the surface :mod'ifying agent-to the nanoparticles. This list
is intended to be ﬂlusuaﬁve, and in no w'ay. should be construed as limiting the types of surface
modifying agents contemplated in the practice of the ir{vcnﬁon.' A person of c;rdinary skill in

. the art would be able to select appropriate 'modifying agents for a given purpose.A
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TABLE 1
- NANOPARTICLE SURFACE MODIFICATIONS
SURFACE ~ REASON FOR MODIFICATION METHODS OF INCORFORATION
. MODIFICATIONS - e e . : 4
Heparin To introeduce an anti- Cross-linked to nanoparticle
coagulation factor with epoxide
L-al;')ha.- : Positively charged lipid . | Incorporated into nanoparticle
phosphatidylethanolamine | to improve anerial uptake with organic phase
Cyanoacrylate Bipadhési,vé Polymer Incorporated into nanoparticle |
: with organic phase
Epoxide “For greater crosslinking covalently coupled to
’ reactivity PLGA nanoparticie
Fibronectin - A protein, natural cell adhesive | Adsorbed onto
with collagen-specific binding nanoparticle surface
Ferritin Receptor specific protein Adsorbed onto
B nanoparticle surface
Lipofectin . Positively charged lipid, Adsorbed onto -

) high affinity for cell membranes nanoparticle surface
Didedecylmethylam- Cationic detergent Adsorbed onto
monium Bromide (DMAB) nanoparticle surface
DEAE-Dextran Cationic Polysaccharide Adsorbed onto

‘ nanoparticle surface
"Fibrinogen Clotting Factor Adsorbed onto

nanoparticle surface

Polyclonal Antibody General targeting Adsorbed or covalently coupled
Monoclonal Antibody. Highly specific targeting  |Adsorbed or covalently coupled
Calcium Phosphates, ~ Ostecconductive Adsorbed onto

nanoparticle surface

Barium Sulfates-
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As is evident frotﬁ Table 1, the invention herein contemplates multiple methods ' of
modifying the surface. |
A I . f Surface Modifvi

In one technique, the surface of pre-formed nanoparticles is modified by providing a.coau'ng
of a surface modxfymg agent which is physically adhered or adsorbed

In a typml method for provtdmg an adsorbed coatmg, the surface modifying agent is

_ dissolved in a solvent to form a solution and the pre-formed nanoparticles are suspended in the

solution. The suspension is then freeze-dried to form ‘a coating v)hich is physically adhered, but
not chemically 59nded. More particularly, nanoparticles-are suspended in water (usually at a
concentration of 10 mg/ml) by sonication. Then, a measured amount of surface modifying agent,
cither in solution or iﬁ dry form is added to the suspension. If the surface modifying agent is
provided in solution, the solvent should not dissolve the nanoparticles. Suitable solvents include

polar solvents, such as water, aqueous buffer, saline, ethanol-water, glycerol-water, or

combinations thereof. In a typical case, the measured amount is 5% w/w of surface modifying

agent per mass of nanoparﬁcles. However, it is contcmplat;:d that amounts of surfacc modifying
agent may range from O. 5% to 15%. The surface modnfymg agcm-commmng suspension of
nanoparticles is lyophxhzzd ina Iyophlhzcr at 0° C'to -55° C in a vacuum of 500 millitorr or less
for at least 24-48 hours. . ’

It should be noted that the concentration range for the bound surface modifier is given for

purposes of illustration 6nly, and can be'varied by those of skill in the art because it is greatly in
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excess of the thcrapcuﬁcally?ffective ﬁnoum. The ability to irreversibly bind a high concentration
of surface modifier to the biomaterial, thereby targcﬁng the bio#cﬁ\;e agent to the site of use and/or
conferring advantageous properties to the biomaterial, is a significant advantage of this invention
over thelprior art. |

5 Example 7:

‘ Ina typiczﬂ ﬁméedure, the surface modifying agent DMAB is dissolved in 10 ml water by
gentle vortciing. Nanoparticles (95 mg, U-86 loaded PLGA nanoparticles made in accordance with
Example 8) are suspended in the aqueous DMAB spiution by sonication for 30-60 seconds over an

lcc bath. The surface-modified nanoparticle suspehsioﬁ is then lyophilized as usual.

10 B Incorporation of the Surface Modifving Aent Inio the Polymer Matzix

If. the surface ,modifying agent is water insoluble, it preferably is incorporated into the -
‘organic phase of the emulsion while formulating the nanoparticies. |

Example 8: | ’

A method of in-solveat emulsification-evaporation is used to incorporate’ hydrophobic 4

15 - biocactive agents into mnop;xticles. In the speciﬁc/illusuative embodiments hcréin, U86 or the

\ adrenocortocoid, dexamethasone, are model hydrophobic bicactive agents. PLGA and drug are
dissolved in 5 ml methylene chloride. The PLGA-én.xg mixture is emulsified in 40 ml 2.5% w/v
aqueou§ PVA (M Wt. 30,000-70,000) with sonication using a microtip probe sbniéator (Heat
Systems, Mode! X1 2020, Misonix Inc., Farmingdale, NY) at an energy oxitput of 65 Watts, over

20 an ice bath for 10 minutes. The emulsion is stirred for 16 hours at room temperature to permit the

T
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methylene chloride to evaporate. The nanoparﬁcle_ﬁ are recovered by ultracentrifugation at 141,000
8. The recovered nanoparticles are washed three times with water and lyophiliud for 48 hours.

The nanopamc!es are stored in dwccawd form. The U86—contammg nanoparticles were obtamed'

in 80% yleld contained 15.5% w/w drug, and had an average pa.mcle dxametcr of 110 am. The

dexamethasone-containing nanopamcla were obtained in 80% yield, contained 16.05% w/w drug,
and had an average particle diameter 6f 108 nm.

v Additiona_l formular.ions of U86-containing nahoparﬁclts, and surface modified nanoparticles,
made in @Mu with E.xampie 8, are given in Table 2 below. Table 2 also gives data relating

- 1o yield, pcrcént drug-loading, and size in nm. All of the surface modifying agents shown on

* Table 2 were incorporated as part of the polymer matrix of the PLGA nanoparticles, i.e., were

added into the polymer scélution during formulation in accordance with the procedures of this
example. The surface modifiers are palmitic acid (PA), beeswax (Wax), both hydfophobic.
materials, isobutyl cyanocrylate (IBCNA), a bicadhesive, and dioleoylphosphatidylethafiolamine
(DOPE), a phbsﬁholipid‘to enﬁanqe uptake of the nanopaniclcs.. The npmbé;s which appear in
cpnjunction with the.'identiﬁation of the surface modifying agents are the weight, in mg, of surface

modifying agent used in the formulation, e.g., saniple 11 contained 168’ mg of IBCNA.
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Hydrophilic-drug loaded nanoparticles were prc;ia:ed in accordance with the method of
Example 4. Tablg 3 gives several formulations for the ibutilide-containing PLGA nanoparticles,
- as well as yield, percent drug-loaﬂing, and size in nm. The additive set forth in Table 3, palmitic

- acid, functions as a partitioning agent as described in Example 4.
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In a typical procedure to incorporate heparin in PLGA nanoparticles, 30 mg heparin is
dissolved in 500 ul water and the solution is cooled to 4° C. Pluronic F-127 (10 mg) is added to
the heparin solution as a viscosity enhancir!g agent to favor entrapment of heparin in the
Mcle matrix core. The mixture is emulsified with sonication (55 Watts energy output for

10 minutes over an ice bath) with a solution of PLGA (150 mg) in methylene chloride (5 ml) to

form a water-in-oil emulsion. The water-in-oil emulsion is further emulsified into 20 ml 2.5%

_ agueous PVA Solution by sonification for 10 minutes at'SS.Wans. The result is a water-in-oil-in-

water multiple emulsion. The multiple emulsion is stirred over a magnetic stir plate for 18 hours
to evaporate fhe organi‘c ‘solvents. Nanqpanicle; may be recovered by ultracentrifugation or use
of an Amicon® (Amicon Inc., Beverly, MA) filtration systcih. The recovered nanopafticles are’
washed free of un-entrapped heparin and Iyophilized. The yield for the instant method is 45% with
an average. particle size of 90 nm and 4.8% w/w drug load. Evaluation of the heparin-containing -
nanoparticles by standard APTT testing for anticoagulation activity dcrﬁonstmted that the heparin-
conmmng nanoparticles had a coagulation time of > 200 seconds as compared to 13.7 second for
control nanopmrticles which were PLGA nani:pa;ticles without heparin.
 Examplel0
Nanoparticles containing tetanus toxoid were prepared in an identical procedure to Example

5 except that the tetanus toxoid (TT) solution (500 xl) contained 11 mg TT and ! mg surfactant,
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Pluxﬁnic FolZ?.A The yield of TT-containing nanoparticles was 60% with an average ﬁclé ’sizc,
of ?41 nm and drug loading of 4% w/w (sample 28 on Table 4). ‘ _

Additional formulations of BSA and/or TT-containing nanoparticles, ‘with a Pluronic F-127
additive am set forth in Table 4. vln this case, Pluronic F-127 pcxjfonns a,dﬁal function. It acts as
a viscosity enhancing agent to favm" paniu'oniné and contributes to the formation of a ;tabl;:
emulsion. In the case of vaccines, such as in the 'I'T-contai;{ing nanoparticlés, Pluronic F-127 also _‘ )

acts as an adjuvant to enhance immune response.
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: o ._

in vitro Rel Studi

in vitro Release studies were conducted ron the nanoparticles made in accordance with
Bmplu 8, 4, and 5 using a double; diffusion chamber wherein the two oompartmems of the
diffusion chamber are separated bya Millipore (100 nm pore size; Millipore Corp., Bedford MA)
membrane. The donor side of the chamber was ﬁlled thh a nanopamcle suspension (5 mg
nanoparticles per ml physxologlcal phosphate buffer (pH 7.4, 0.154 mM). The receiver side was _
filled wnh the same buffer. The diffusion cclls were placed on a shakcr (110 rpm) in a 37'
rpom. Periodically, a sample of buffer was withdrawn from the receiver side and replaced with
an equal qixantity of fresh buffcr: The drug levels in the receiver buffer were quantitated by HPLC
or other analytical method‘s. The data was used to calculate the p?rcent drﬁg released from' the
nénoparticle; over time. | )

- The.in vitro release studiés of nanoparticies containing U86 showed an iﬁiﬁa] burst effect,

followed by release at an exponemiall'y decreasing rate. Similar release rates were observed foi'

' hydrophilic and/or protem-contmmng nanoparticles. Gamma sn:nhzanon 2.5 Mrad) did not affect

the in vitro release characteristics of U86 from the nanoparucles as shown in Fig. 1 whxch isa
graphical representation of the in vitro release of a hydrophobic bxoactxve agent, U86, from
nanoparticles made in accordance with the present invention which have been subjected to

sterilizing gamma radiation.
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Size distribuu'on may be measured by a laser defractometer, such as the Nicomp 370
Dynamxc I.aser Light Scattering Autocorrelator (Nicomp Particle Sizing Systems, Santa Barbara

CA) or similar equ:pmem A suspension of nanoparuclcs (l mglml) in water of normal saline is

- prepared by sonianion jhst prior to analysis ’Nanopaniclcs prepared in accordance with the

invention were typncally less than 200 nm. and generally in the range of 80-160 nm. -The particle
size distribution analysis of the nanoparucles revealed a umform and narrow size distribution.
Scanning electron micrographs were taken of nanoparticles which had b_een mounted and
spunered with gold. ‘The results devmonstrawd.that the particles are of uniform dimensions a with
smooth surfaces and the absence of ahy free drug granules.
, rial Uptake Studies in a Dog Model
Nanoparticles made in accordance with the principles of the invention were evaluated, ex

vivo for arterial uptake as a result of surface modification. A dog carotid artery was removed,

. flushed with norfnal saline to remove blood, and held taut (2.7 cm length) by tying the ends to two

glass capillary tubes separated by a distance of 2.1 cm ona gﬁs rod. The bottom end of the
arterial segment was tcmpo'mrily Iigated so that a nanopanicle suspcnsion (2.5 to 10 mg/m})
introduced into the top cnd under 0.5 psi pressure was retamed in the artery scgment Aﬁer 30
seconds, the bottom end of the anery was opened and a lactated-Ringers solution was passed
through the artery scgment from the top end for 30 minutes at a flow rate of 40 mi/hour. A 2 cm

segment of the aricry was cut from the device, homogcnizéd, extracted, and quantitated for drug
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levels by HPLC. Knowing t‘heextmction efficiency end drug loadi_ng of the particles, the amount
of nanoparticles retained by the artery segrpent was calculated.

In a specxﬁc example, PLGA nanoparticles loaded with 086 were manufacrured in
accordance with the method of Example 8 The unmodified embodiment (sample 15, Table 2), was
used as a control for compamnve purposes ie., to xllustmte the greater degree of retention
achleved with the various surface modxﬁed parucles Surfac&modxﬁed nanopamcles, as 1dennﬁed _
on Table 5, were prepared in aocordance with the techniques set forth herein (sample 17 on Table
y. | B

Coatings of euher 5% DMAB (samples 40-43)or 5% DEAE-Dextran (samples 44-46) were
plawd on the sample nanopa:txcles by the freeze-drying technique descnbed hereinabove. The
results of arterial retention of the surface-modiﬁed _nanopanicles in the ex vfm dog (moqel are
shown on Table 15. Nanoparticles modified with 5% w/v didodeeyldimethyl ammonium bromide
(DMAB-5%) were the most effective, resulting in 11.4 times more retention of nanoparticles as

compared to the unmodified nancparticles (PLGA).
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TABLE 5
EFFECT OF SURFACE MODIFICATIONS ON U-86
NANOPARTICLE UPTAKE IN EX V/VO MODEL |
) . 1 - Amount of Particle
) sizET | uss Reteation in Anery
SAMPLE DESCRIPTION - --| (nm). | Loading —— -
o o 1 . % Ang2 Ratio to Efficiency
200 | em | Sample 15 %
15 | PLGA oaly 144447 20.4 29.91 1 11.96
30 | Epoxide 120140 20.4 48.31 1.62 .- 19.32
31 Heparin 120+40 20.4 73.51 2.46 29.40
- | 32 | Fibrogectin 144147 | 204 52.73 1.76 - 21.09
33 | Ferritin 144 +47 20.4 42.44 1.42 16.98
34 | Lipofectin 0.5% 144 147 20.4 139.6 4.67 55.84
35S | Lipofectin 0.5%* 144147 20.4 177.71 5.94 35.54
36 | DMAB, 2.5% 144 +47 20.4 83.67 2.78 33.47
37 | DMAB, 5.0% 144 £47 204 340.87 11.40 68.17
38 | Lipid N(PLGA-Lipid 123+£37 211 68.07 2.28 271.23
39 | LACN#2(PLGA-Cyan, 2/8 133£35 16.0 " 92.00 3.08 36.80
40 | DMAB, 5.0% 102+40 26.7 128.15 - 34.17
41 | DMAB, 5.0% 10240 26.7- 89.17 - 23.78
42 | DMAB, 5.0% 102+40 |  26.7 161.61 - 43.10
43 | DMAB, 5.0% - 1021_40 ' 26.7 197.12 - 52.57
44 | MB-11,.DEAE-Dextran5.0 #1 102 +40 26.7 92.99 - - 24.80
45 | MB-11,DEAE-Dextran5.0 #2 102 +40 26.7- 187.77 - 50.07
46 | MB-11,DEAE-Dextran5.0 #3 102+40 26.7 96.88 - 25.83
. Couceatration of NP tuspennon is5 mg/ml.
All others are 2.5 mg/mi.
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: .ln( addition to DMAB and DEAE-déxuan, 5% fibrinogen was placed on PLGA nanoparticles
by the freeze-drying technique. The PLGA naﬁoparticlcs had a meah particle diameter of 130 j;
35 nm and a 14.6% drug loading prior to the ;ppliation-of the fibrinogen. The pﬁclgs were
suspended in normal saline or a 1:1 mixture of serum and saline and injected into the ex vivo dog
experiments, the mean 3 SE uptake of nanoparticles inalo0 mg segménl of artery was 38.03 +
2.42 ug, 39.05 + 3.33 g, and 52.30 + 4.0 g, respectively, for 5% DMAB, 5% DEAE-dextran,

and 5% fibrinogen.

To summarize the results, surface modification of anclu with. DMAB improves
retention to tissue. DEAE-dextran modified nanoparticles have an. increased viscosity in
suspension. Fibrinogen-modified nanoparticles facilitate throxhbus formatién, thereby aggregating
the spheres and signiﬁcar;ﬂy improving arterial uptake. A ccvmbin'atj"oh of DMAB and fibrinogen,
for example, ‘wou>ld ausé initial adhesion, followed by thrombus foMon, to secure the
nanoparticles to the arterial wall for long-term effect.

Iﬁ additio-n} to surface modification, the concentration of nanoparticles in the infusion
suspension affected the retention of nanoparticies to the arterial wall in thé ex vivo canine model
as shown in Tat;le 6 for samples 31 and 34 of Tablc'S suspended in nonﬁal saline at the listed

concentrations.
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TABLE 6

EVALUATION OF U-86 NANOPARTICLE UPTAKE IN EX VIVO MODEL
EFFECT OF PARTICLE CONCENTRATION IN SUSPENSION

NP Uptake in Artery Measured  Amount of NP Uptake®*
‘NP Conc. in Extract (pg/ml)

 (ug/2 cm artery)

Sample 31 - Heparin

s . 78.81 ' 56.29

10 - 133.21 ‘ 95.15

Sample 34 - Lipofection

2.5 195.44 - 139.60
2.5 ° - 179.39 128.13
5 880 | 17771
. Calculated from the concentration in anery extract and the establisbed 70% (internal standardization) of
ul_:oplnii:le recovery from artery by the exiraction procedure. ' :

Table 6 shows that an increase in nanoparticle concentration in the suspension enhances the
uptahofnampa:ﬁcl;sby mcaﬁzﬁalwall; - ‘ \
Various suspending media were investigated in the ex vivo min;: model for -thcir effect on
nanoparticle retention. Nanoparticles (Sample 19 on Table 2) were surface modified with DMAB
and DEAE*Dcxu'ah. Samﬁles of the surface-modified pinicles were suspendea in distilled water,
10% v/v aqueous DMSO, or 25% v/v aqueous glycc;'im DMSO was used to enhance permeability

of the arterial wall and glycerin was used w0 induce transient hypertonic' shock at the: site of
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adminisuat;on to enhance drug delivery across the biologic membranes. The resuits are shown in
Fig. 2 which vis a graphical fcprﬁenfation of the effect of surface modification and suspension
media on the upﬁkc of U86-containing nanoparticles expressed a ug nanoparticles per 10 mé artery
specimen. As shown in Fig. 2, an osmotic shock, such as induced by .a ﬁypcnoni;: solution
(glycerin-water), or thé inclusion of a tissue ‘permébility enhancing ;agcm v(l~)MSO) in the
suspendiflg medium improves uptake 6f the ﬁanoparticlés ﬁy the arterial wall..

The entrapment éﬂ“‘xcicncy for nanoparticles made in accordance with the methods at é, 4,
and 5 is about 70-80% .for' hydrophbbic drugs, abou('45% for hydrophiiic drugs, and, 57-67% for
proteins and vaccines. Typical drug-loadiné for the various types of nanoparticles are 4% to 28%.
The effect of drug-loading on retention was studied with DMAB-modified nanoparticles and the
results arc shown on 'fable 7. Interestingly, high.er drug loading mul@ in lower retention. This
phcnomcnoﬁ very likely reflects a critical ghangc in the hydrophilicity/hydrophobicity.ch_a:actcristics
of the nanopzim‘clés which affects their ability to reside in ihe arterial wall. It is hypothesized that

higher loadihgs of the hydrophobic t"lm'g U86 gives the particles leﬁs affinity with the highly

hydropﬁilic arterial wall. However, reducmg the loading of U86 allows a more favorable, or

overm, hydrophilic reaction.
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TABLE 7
U-86 NANOPARTICLE UPTAKE BY ARTERY IN EX VIVO MODEL USING
'DMAB-MODIFIED PLGA NANOPARTICLES TESTED AT 37°C
o Effect of Particle Size and Drug Loading -
Sample Description | Sizz | U-86 " Amount of Particle Retention in
o _ (nm) Loading oo Artery
: -l (% —— . — .
o _ 1. : (#g/2 cm artery) ~ 'Retention
. o ) : ' .+ "= . | Efficiency (%)
15 DMAB-5.0% | 144147 |  18.4 278.64 . 5573
15 DMAB-5.0% 144 +47 18.4 340.87 O 68.17
17 DMAB-5.0% 102440 267 128.15 , 25.63
17 DMAB-5.0% 102440 26.7 89.17 17.83
17 DMAB-5.0% - .| 102440 26.7 161.61 - 32.32
17 DMAB-5.0% | 10240 26.7 197.12 39.43
o il Uptake Studies

. Nmomﬁcl& made in accordance with fhe principle of the- invention were evaluated for in
vivo uptake and retention. The left éfotid a;icry of rats, nxglc Spmg_ug—Dgwlcy weighing 400;500 .
g, were exposed. A 2F Fogarty embolectomy balloon catheter (BSI, Minneapolis, MN) was used
to‘ remove the endothelial layer of the exposed artery..* Al mni incision (also known as an
arteriotomy) was made with an arteriotomy scisso;'s in the rat’s left or right oommén mrb;id artery,
which was: restrained by 3-0 silk ligatures to prevent bleeding. A Fogarty catheter (sized 2—-0
French) was inserted into the incision and advanced into the arterial segniém to the distal ligature. .

The:balloon tip of the catheter was. inflated.with carbon dioxide and the catheter was puiled back.
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“and forth three times to create and arterial injury by denuding the endothelium. The catheter was
then removed. At the same arterial incision, a catheter was inserted into the artery for infusing a
\' nanoparticle suspénsion (200 ul) into the injured section of the carotid artery while the distal end

- of the artery was temporarily ligated. The catheter was removed after 60 seconds and the faort was

closed. The distal end of the carotid artery was opened to resume normal blood flow. After 2
hours, both left and right carotid arteries were harvested. The drug level in the artery samples was

quantitated to evaluate nanoparticle retention in vivo. In a second sct of experiments, nanoparticles

~were prepared so as to contain a fluorescent dye, Rhodamine B. The harvested mroti‘dAancﬁes

~ were frozen and cross-section'o;d to study the histology and location of the particles in the arterial

walls. .
DMAB and DEAE-Dextran modified nanoparticles, Samples 40 and 43 on Table 5, were

used in this in vivo rat model to demonstrate that nanoparticies are preferentially taken up’at the

location of .infusion (left wotid artery) as compared to the right carotid artery. The results for 10

mg segments of left carotid artcry (n=11 rats) as qompared to right carotid artery are: 7.77 + 1.46
ug @owﬁcm as compared to0 2.98 + 0.27 pg nanoparticles. Similar résults were observed with
dexamethasone-loaded nanoparticles (2.7 4 1.3 ug nanoparticles per 10 mg segment of left carotid
artery as compared to an undetccfable amount i_n the ‘rié_ht carotid am:ry (n=9 rats; detection limit

of 0.1 ug/mpg).

Histological examination of fluorescent-labeled nanoparticles which were loaded with’

dexamethasone (15%. w/w; Example 3) also revealed significant presence in the arterial wall.
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Dexamethasone-PLGA nanoparticles containing Rhodamine B as a fluorescent marker were

suspended in normal saline (50 mg/ml) and infused into rat carotid artery after triple balloon

angioplasty denudation as described hereinabove. Multiplc (four) infusions are made with each

infusion consisting of 75 ul nanopartxclc suspensxon Arterial scgmems were harvested at dlfferem
time periods (24 hours, 3 days 7 days, and 14 days) and cryosecnoned to observe the prw:nce of
nanoparticles with a ‘fluorescence microscope. Fluorescen; actmty was observed in the artery until
7 diys post-i.nfusion.‘ _ o |

(1) Pigs |

In addition to the in wvo studjgs with rats, the oanopaniclcs were tcstod on pigs, wcighiog
between about 30-40 Ibs. In each subject pig, the elastic lamina of the coroﬁary' artery was
ruptured by over mﬂauon of a balloon tip catheter. A nanopamcle suspcnsxon (2 S5t 10 mg/mi
in normal saline) was mfused at the location of the injury by a Wohnksy (28 or 96 hole) or D-3 '
balloon catheter (Scx-Med Minneapolis, MN) at 1-3 atmosphere pressure over l to S minutes.
Aﬁer 2-6 hours, the coronary arteries were harvested and quantitated for drug levels to caiculate
nanoparticle retmuon |

The results an in given in Tabie 8 for nanoparucles loaded with U86, having the indicated
surface modification. Nanopartxcles with DMAB surface modification were retained in higher
amounts than unmodified nanoparticles.. The increased binding demonstrates the tissue specrﬁc :

increase in affinity- for. the surface modlﬁed nanoparticles.
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The amount of nanopaniclw in the artery after one hour of blood circulation was not

dcwctably different from the amount in arteries which were harvested lmmedlately This result

. mdumcs that the nanopamda have penetrated into thc issue and/or cells and can not be washed

away mxly. The fluorescence microscope examination confirmed the retention. No significant
dnfference was seen between the results of delivery with the two types of catheters (Wolinsky and

Dispatch). Lowcr and mlatwcly steady plasma U86 levels were observed after the local delivery

'of nanoparticles as compared to an iv mjectmn of U86 soluuon

Ug6 loaded-PLGA nanopamdes ( 15 % wiw) thh 5% DMAB surface modlﬁcanon and a

particle size between 100-149 nm were suspended in normal saline at a concentration 15 or 30

mg/ml. “The nanopérticlcs (NP) were administered to ﬁigs which were sacrificed at 30 minutes or

~ after one hour. The results are shown on Table 9.
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Delivery of a high concentration (30 mg/ml) of nanoparticles showed an average of about
45 ug uptake per 10 mg'dry artery in in vivo pig studies. The length of the left anterior descending
coronary artery V(I.AD) segment utilized for this measurement is about 1.5 cm and weighs about 15

mg (dry). Therefore, roughly 1 cm of treated LAD will be able to uptake about 45 ug

, nanopénicles by local delivery. There is about 7 ug net U86 in | cm of treated artery.

 In addition to the foregoing, controlled reledse of U-86 from PLGA nanoparticles locally
administered to pigs fol-lc-)wing balloon angioplasty-induced injured with a Sci-Med Dispatch catheter.
resulted in significant inhibition of restenosis as compared to saline and non-drug cﬁntaining PLGA
coﬁtrols. i’-‘ig. 3 is a plot of neointimal area divided by medial area ratios (NI/M) plotted ﬁgainst )
the total injury index for the artery as standardized by Upjohn laboratories (Am. Heart 1., Vol.
127, pages 20-31, 1994). The Upjohn test quantifies the severity of vaséular damhgc (injury index)
and the extent of heoinu'rﬁal (NI) hyperplasia (proliferation index) inducoéa by over-inflation of the .
. balloon. :!'he injury index is the internal elastic lamina fracture Iength divided by the internal elastic
lamina circumference x 100. The data shown on Fig. 3 demonstrate a statistically sigr;iﬁmnt
reduction in restenosis with regional re!msc of U86 from nanoparticles or the present inv_ention_.
@ Ras | |
Similar lmé-term in. vivo studbiesl wel;e condu&ed using rats. DMAB-modified U86-
containing PLGA nar;oparﬁclcs (U86 at 14.6% loadihg;_mcan particle size 130 + 35; suspension
concentration of 10 mg/ml of normal saline were infused into the left carotid artery of rats and

'subseqhmuy harvested at 2 hours, | day, and 2 days post-injection.. The amount of nanoparticles
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(@) in'a 10 mg segment of left artery was 9.00 + 0.28; 9.19 + 0.28; and 7.95 & 0.41,
respectively. The right carotid artery of each rat was used as the control. The amount of
nanoparticles (ug) in a 10 mg segment of right carotid artery was 1.01 # 1.55; 2.77 & 0.24; and
0.51 £ 0.60, respectively. | |

In studies é:riploying PLGA nanoparticles incorporating dexarﬁcthasonc (15% w/w), rats
were subjected to triple angioplasty injury of the carotid artery. The rats were divided into three
expeﬁrﬁmtal' groups:  controls (Mclu with no bioactive agcng); anirﬁals receiving
intraperitoneal injection of nanoparﬁcles containing dexamethasone, and animals to which ,‘
dexamethasone-loaded nanoparticles were injected into'the site of injury. After two weeks, the
injured arteriés were harvested and analyzed. Fig. 4 is a graphic represcntation of the inhibition
of restenosis ‘following thé local administmtion of dexamethasone-Containing nanoparticles
(staﬁ;timlly signiﬁm;; p>0.006). 'fhe data is expressed as the NI/M ratio as described
haeinibovc.: |

in vivo Experiments were conducted with dogs, using the DMAB, DEAE-dextran, and
fibrinogen (5%) surface-modified PLGA nanoparticles made in accordance with the method v_of
Examples 8 and 7. |

Dogs under general anestheéia were sﬁbjected to a triple balloon angioplasty of bc;th femoral
arteries using a Bard angioplasty catheter. Following dcnudiné of the endothcliuﬁ, the damaged

femomi segment was isolated with ligatures and filled with a small volume (200 ul) of a ‘5 mg/m]
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suspension of nanoparticles in ﬁormal saline at one atm pressure. The arterial wall was repaired
to prevent bleeding, and after 60 seconds, l;lood was permitted to flow through the artery. After
30 minutes, the animal was euthanized and the.both the damaged artery and the contralatcxal artery
were retrieved for analysis by HPLC. The results show that ﬁbrindgen enhances uptake somewhat
as compared 10 control in both the ex vivo and in vivo studies. Between 40 and S0% of the
nanoparﬁcl& suspended in the artery for the one‘ minute 1solanon period were actually taken up by
the arterial wall. Virtually n6 nanoparticies were detected in the conualatcml artery. Moreover,
the ﬁbrinogen. coated nandpgrticles had nearly one and a half tirﬁe more uptake than the DMAB-
coated nanoparticles. | .

The results for U86-loaded‘PLAGA nanopaniclo;s which had been surface-modified with
ﬁbrinogcn and DMAB (5 %), in accordance with Examplc 7 m shown bclow in Table 10. The
PLGA nanoparticles had a mean particle diameter of 130 + 35 tﬁn and a 14.6% drhg loading pﬁor
to the application of the named coating. The right femoral artery of dog # 2 was analyzed as a /
control to evaluate the systemic ciistribution of nanoparticles in vivo. The "CONTROL" listed in

Table 10 was an artery from a non-treated dog.
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TABLE 10
Treatment Amount of NP | Dry Weight of | NP (ug) in 10 Mean + SE
' .| in Segment (ug) | Artery (mg) mg arnery
Fibrinogen: ‘ . , '
Left Femoral #1 125.57 30.07 41.76 32.20 +£ 3.22
Left Femoral #2 | - 95.65 29.3 32.65 ‘
Right Femoral 3.69 '40.47 1. 0.91 091
#2 (as control) : ' :
DMAB: ‘ :
Left Femoral #1 87.54 37.93 . 23.08 - : J
Left Femoral #2 43.19 © 18.74 _ 23.05 25.13 + 1.19
Left Femoral #3 70.57 24.12 29.26
CONTROL 0.21 32.37 ‘ © -0.06 -0.06

A similar in vivo dog:expcriment was conducted using different delivery techniques. The
data in 'fablc 10 was obti_ined following 2 one-minute residence time in an ligated artery segment.
PLGA nanoparticles ;)f average particle si-ze 161 4 42 am and 15.5% loading of U86 were coated
with 5% DMAB and suspended in normal saline and a;dministcmd to dogs as a 15 second exp&ﬁu’re,
or as a series of four 15 ‘mond exposures separated by one minute of blood flow. Rcferﬁng to
Fable 10, the DMAB-coated nanoparticles were retained in a 10 tr;g segment of femoral artery in
an average amount of 25.13 + 1. l§ ué. A 15 second exposure ré.sulted in nearly the same amomit
of retention, specifically 21.46 + 0.73 ug. However, a series of four 15 second expos;xres resulted
in. more than double the amount of retention, 49.11 + 2.42 ug. 4

A similar experiment.was conducted with rats using DMAﬁ-modiﬁed PLGA nanoparticles

Aloaded with U86 (15.5%; particle size 161+ 42.nm) in normal. saline at a: concentration of 10
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mg/ml. The DMAB-ooawd nanbparticlcsl administered in a single, 60 second exposure were
retained in a 10 mg segment of left carotid artery in an average amount of 9.00 + 0.28 ug.
However, a series of four 15 secoxid exposures resulted in more than double the amount of
retention, 20.37 + 1.37 ug. Controls for this expenmmt compnsed 10 mg segments of untreated
right carotid artery which contained only 1.01 + 1.55 ;cg and 2.08 + 0 40 ug, mpectwely

The hxgher the suspension concentration, the higher the arterial wall content of U86 in the
acute in vivo dog studies reported -herein. Nanoparticles, which were 086-loaded PLGA -
nanoparticles of particle size 120 nm with 15%‘drug loéding and 5% DMAB surface modification

(prepared as in Examples 8 and 7) were administered to dogs in concentrations ranging from 5

mg/ml to 100 mg/ml over 15 seconds. ' Table 11 shows tﬁe amount of nanop_értic!es (ug) retained

_in a 10 mg segment of artery as a function of nanoparticle concentration (mg/ml) in normal saline.
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TABLE 11
NP conc. | Amount of NP | Dry Weight of | NP (ug) in 10 | Mean + SE
{mg/ml) - | in Segment (ug) | Antery (mg) mg artery
5 mg/ml 162.96. 71.33 - 2.85
106.87 30.31 21.24 :
115.73 39.52 29.88 24.5 + 3.38
102.11 4123 " 21.62
93.63 45.65 20.51
138.58 - 138.58 19.73
10 mg/ml. - 138.09 36.84 - 37.48 3895 +
: 195.43 48.36 ' 40.41 207
15 mg/ml 282.11 46.7 ' 60.41 - 5948 £+
288.87 49.26 58.85 0.66
20 mg/ml - 298.87 38.39 - T1.85 69.41 £+
288.37 ' 34.67 : 60.97 5.97 " A
30 mg/ml 377.45 ' 4455 - | 8473 83.73 +
- 435.48 ‘ 52.61 82.77 1.38
50 mg/mi 611.26 62.3 - 98.11 96.05 +
405.07 43.1 193,98 2.92
100 mg/m! 649.74 58.44 111.18 111.18

In still other gmbodiinents of the invention, the surface modifying agent is covalently linl;ed
to the pre-formed nanoparticles. In a preferred adv#mageous embodiment of the 'mventiox;, a
method has been developed to incorporate reactive epoxide side ciaains into the polymeric material

comprising the nanoparticles, which reactive side chains can covalently bind other molecules.of
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interét fo? various drug delivery applications. This embodiment is discussed in greater detail
heteinbélow in Examples 5 and 86.

The polylactic polyglycolic acid co-polymers YwideAly used in drug dclive;y resérch for
biodcgradabic formulations inherently lack reactive groups, and therefore, are difﬁcult to derivatize.
A method has been developed to incbrpqratc reactive epoxide side chains, which can covalently
bind other moleculgs of interest for various drug delivery ;pplicatio‘ns. In ad&iﬁon to PLGA, ;ny
polymer containing free hydmxyl,.mnino. sulfhydryl, carboxyl, anhydride, pﬁenol, or the like,
groups can be derivatized by this method aspect of the invention.

~ Fig. 5 is a schematic representation of a synthetic_;;rodedurc for coupling an epoxide
compound to an hydroxyl end-group of pélquic nanoparticles. In the specific cmbodimcnt.ﬂshown
in.l.’ig. S, the h@owﬁcla oorﬁprise PLGA goompound 20) and are made by an in-solvent

emulsification-evaporation technique, for example, such as that described in Exmnpfc 1. Of course,

the PLGA.nanopam'cles may be formed by any technique prior to epoxide deﬁvat{zaﬁon in

" accordance with this aspect of the invention.

The pm-formed PLGA ‘nanoparticles are suspended in a hqund 1llusuat1vcly a buffer to

, wh:ch a catalyst has been added. In the embodiment shown on Fig. 5 the suspending media is a

borate buffer at pH 5.0 and the catalyst is zinc teunﬂuoroborau: hydrate, Zn(BF,),. Suitable
catalysts include, but are not limited to, tertiary amines, guamdme, imidazole, boron trifiuoride
adducts, such as boron mﬂuonde-monocthylammc bxsphosphonau:s trace mcta!s fe.g., Zn, Sn,

Mg, Al), and ammonium complexes of the type PhNH, +' AsF,. In ‘other embod:mems the
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reaction can bc phowhﬁda@ by UV lighi, for exﬁmplc, in the presence of an ;ppmpﬁzile .mtalyst,
which may be ﬁﬁnium tetrachloride and ferrocene, ziroonoéene chloride, carbon tetrabromides or
iodoform. | |

An céoxide compound dissolved in a suitable solvent, sucl; as the buffer, is added -to the -
nanoparticles suspension and permitted to react to form an epoxide-coupled polymer (wﬁmund :
22). Referring to Fig. S, vthc cpoxy c;ompound isa polyfunéﬁdnal epoxide soid under the trademark
Dahwl (Nagasi Chemicals, Osaka, Japan; co_mpound"Zl).

The epoxy compounds sﬁitablc for the practice of the present inven_tjon may be monohm,
Ipolyepbxidc compoﬁnds, or epoxy resins. - Hlustrative reactive biWonﬂ or polyfunctional
epoxides suitable fbx_' use in the pm:ﬁce of the invention. include, \;rithout limita.tion,' 1,2‘-cpoxides '
such as ethylene oxide or 1,2-propylene oxide; butane and ethane di-glyéidyl'ethcrs, such as
digly'cidyl butanediol c@er, ethanediol diglycidyl ether, or butaﬁeaiol dig]ycicnihyl ether (available
from Aldrich Chemical, St. Louis, MO); erythritol anhydride; the polyfunctional epoxides sold
under the trademark Denacol by Nagasi Chemicals, Osaka, Japan; epichlorhydrin (Aldrich
Chemical, St. I.ouls, MO); aizymaﬁcally-induciblé epoxides availab}é from Sigma Chemicals, St.
Louis,'MO; gnd pﬁoto—polymerimble epoxides (Pierce, Rockford, IL). The Denacol epoxides are A
polyfunctional pol-yg]yceml,polyglycidyl- ethers. For example, Denacol 512 has 4-' epoxides per’
molecule and Denacol EX521 has 5 epoxides per molecule. ‘ |

The reactive epoxide groups of the ?ﬁoxidé—coupled polymer (compound 22) can then be:

reacted with various types of bioactive agents having functional groups which react with the epoxy
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linkage, such as alcoﬁol, phenol, amines, anhydrides, erc.- The result is a covalent link between
the functionalized polymer and thé bioactivc agent(s) of interest (e.g., compound 24).

In thc embodxmcm of Fig. 5, the biocactive agent of interest is hcpann (eompound 24).
Hepann isa hlghly sulfated polyanionic macromolecule comprising a group of polydiverse stmght-
chain anionic mucopolysaccharides called glycosaminoglycans (molecular weight ranges from 5,000
to 30,000 daltons). Hepaﬁn contains the following functional grbups, all of which are susceptible
to reaction with an epoxide group: -NH,, -OH, -COOH, and —OSO,. If the reaction betwwn Athe
cponde-coupled polymer and heparin is carried out at an acidic pH (5. 0-9 0), thc mam reaction will
be with the -NH, groups. The mult is PLGA nanoparticles to whxch heparin is covalently bound
(compound 25). Of course, the -OH groups in hcpann may react with the epoxide groups at this .
pH.

The followmg are specific illustrative cmbodnmcms of the cpoxy-dcnvauzatmn technique.
Although Example 12 is directed to the binding of hcpann to the surface of epoxy-derivatized
nanopamcls it is to be understood that the mxy«nMOn techmque can be used to react
various types of bxoacnve agents having functional groups which react with the epoxy linkage, such
as alcohol, phenol, amines, anhydrides, erc., to nanopamcles. Evcn proteins and peptides,
mcludmg anubodxes, can be attached to epoxy-modified nanopamcles to achieve anubody-medxawd '
drug delivery systcms Specxﬁc examples include heparin, bisphosphonate, DNA, RNA, and
virtually any agent which contains hydroxy or miﬂo groups, or which may be derivatizable to

contain reactive groups.
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Example 11:
PLGA nanoparticles were prepared by an in-solvent emulsification-evaporation technique

(similar to Example 8). PLGA (150 mg) was dissolved in 5 ml methylene chioride which was

-emulsified in aqueous PVA (2.5% w/v, 20 ml), over an ice bath, using a probe sonicator with an

energy output of 65 Watts. The emulsion was stirred with a mgneﬁc stirring bar at room
temperature for 18 hours to permit the methylene chioride to evaporate. The nanoparticles were
recovered by ultracentrifugation, washed thret;, ﬁmé with water, and .resuspended in water by
sonication for 3 minutes. The resulting suspension was lyophilized.‘

The lyophilized PLGA nanoparticles (40 mg) were suspended in 5 ml borate buffer (50 mM,
pH 5) by sonification for 3’ minutes. A atalyst. which is in this specific embodiment, was zinc
tetrafluoroborate hydrate (12 mg) was added to the nanoparticle suspension. A polyfunctional
epoxide, Denacol 520 (3 epoxides per molecule, 114 mg) was dissélved in 2 ml borate buffer. The
epoxide solution was added to the nanoparticle suspension with stirring at room temperature (37°C).
After 30 minutes, the nanoparticles were separated by ultracentrifugation and washed three times

with water to remove unreacted Denacol. The resulting product was epoxy-derivatized

' nanoparticles. The reaction of the PLGA nanoparticles and the epoxide was confirmed by proton

NMR.
Example 12:
In a specific illustrative embodiment, heparin is reactively bound to the epoxy-derivatized

nanoparticles of Example 11 using the immobilized polyfunctional epoxide as the coupl'mg‘agcm.
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An excess of heba;rin is used so that only one site on each heparin molecule will react with the
epoxide group. If'a lesser am«;unt of hcpaﬁn is used, more sites on each heparin molecule will
react wuh epoxy groups which will result in loss of anueoagulanon ability. |

PLGA nanopartxcls (40 ‘mg) made in accordanec Wlth Examplc 11 were resuspended in 20
ml borate buﬁcr A solution of hcpann (14 mg) in bomtc buffcr (4 mil; pH 5.0) was added to the -
nanopamcles with stirring at 37° C. The hepann solution and the nanopamclcs were permitted to

react for two hours w:th gentle stirring. The nanoparuclu were separated from the unmcted

“heparin by ultracet’lmﬁ.\ganon and dialyzing against normal saline over a 26 hour penod. The

resulting heparinized m_mopaxﬁcles werc then lyophiliied. The heparin cbntent of the ngnopa:ﬁcls
of this specific embodiment was measured by"!;oluidinc Blt_;c m@hmmﬁc assay and found to be
7.5 pg/mg nanoparticle. 7 |
The.antithrombogeni,c effect of the bound heparin was evaluated by the activated partial

thromboplastin (APTT) test. Dog plasma (0.5 ml) was mixed with 5 mg heparin-coupled -
nanoparticles and mcubated at 37° C for 1 hour with shakmg The thrombm time of the test
plasma was detcnnmed usmg a BBL Fibrosystem Fibrometer (Becton Dickinson chrobxology.
Systems, Cockeysvtlle, ‘Maryland) following a standani procedure. Plasma from the same dog was

incubated with PLGA nanopamds as a contml The heparinized PLGA nanopamcla showed

‘significant anticoagulation activity since no clot formation occurred over more than 200 seconds.

Control particles which were not reacted with heparin, on the other hand, permitted clotting in 16.7 .

seconds. -
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The stability of the bound heparin was tested with radiolabeled “C heparin at 37° C for 15
days. The resulis are shown on Fig. 6 v;/hich-is a gr&phid representation of the in virro relésc'
of h@ﬁn as m&sqred by mdioag:tivitjcxp,ressed as a percent of bound heparin. About 30% of
the bound heparin was released from the nanoparticles during the first 5 days. The remaining 70%
was Mnd with a high level of stahility. About 65% of the heparin remained bound to the
nanoparticles after 15 days of release at 37° C. Tixis mdxmts a stable chemical coupling of |
heparin to the nanoparticles. |

Example 13: A

PLGA nanoparticles were prepared and epoxy-activated in accordance with the method of

Example 11. The epoxy-activated nanoparticles (70 mg) were suspended in S ml bicarbonate

“buffer, pH 9.2. BSA (30 mg) was separately dissolved in 5 ml of the same buffer, and mixed with

the nanoparticle suspension. "I'he reaction was allowéd to take place for 24 hours at 37° C with |
stirring on a magnetic sﬁr plate. The resulting nanoparticles were collected by uluaegnuift;gaﬁon,
and washe;il three times with either water or phosphate buffered saline (pH 7.4) containing 0.05%
Tween-80. ' _ A ‘

The gmoimt of BSA bound to epoxy;aéﬁvated @opg:ﬁclé (PLGA/BSA +EP) washed in
either (H,0) or buffer is compared: to the amount of BSA bound to non-activated PLGA
nanoﬁam'cles (PLGA/BSA) in Table 12. Plain un-activated PLGA nanoparticles, containing no
BSA, were used as controls. Table 12 demonstrates significantly better biriding of BSA on.epoxy-

activated nanoparticles.
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Table 12
Samples Abs. BSA | Weight of BSA - Net BSA
605 nm | (ug) | NP (mg) | (ug/mg NP) | (ug/mg NP)
PLGA - 0.156 | 15.92 9.35 1.70 -0
PLGA o | 0202 | 22.32 1007 | 2.2 0
PLGA/BSA +EP/H,0 0.857 | 113.49 | 574 1977 | 11.87
PLGA/BSA+EP/Buffer | 0.943 | 125.47 8.14 15.41 13.51
PLGA/BSA/H,0 0.350 | 42.92 7.26 5.91 4.01
PLGA/BSA/Buffer 0.250 | 29.00 3.7 7.80 5.9

It should be noted that, while pre-polymerized and pre-formed nanoparticles were epoxy-
activated and derivatized by the method described hereinabove, the monomers comprising the
polymer, for example, can be functionalized prior to polymerization with the reactive epoxide
groups without departing from the spirit and scope of the prcéent invention.

In yet another alternative technique for providing surface modification, the surface

modifying agent is incorporated into the matrix of the biocompatible, biodegradable polymer

comprising the nahoparticle core.
In this one aspect of the facet of the invention, the nanoparticle polymer core may comprise,
at least partially, a biodegradable, biocompatible polymer which has a surface modifying property.

In a specific: illustrative -embodiment detailed below in Example. 14, isobutyl cyancacrylate is
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combined with PLGA as the\or-ganic phase of an in-solvent emulsification-evaporation technique.

The result is nanoparticles having a PLGA-cyanoacrylate polymer core. The éyanoacfylate imparts

a bicadhesive property to the nanoparticles. of course, the amount of cyanoacrylate relative to

PLGA can be modified. : o -

Other polymers, such as hydrogels or Pluronics,' can be co;incorpomted with PLGA or

anotﬁer biodegradable, biocompatiblie polymer in accordance with thc'principl'es of the invéntiqn, : |

to impart a bicadhesive property. Further, it is to be clearly understood that this example is

* illustrative only, and that-many other mlyhm can be co-incorporated ‘with biodegradable,

_biocompatible polymers to form combinations having various imgmved pmperﬁeé, including those
properties attributed to 'st_xrfa;:c modif;ying agents” as used herein. |

In a typical preparation, 108 mg PLGA Aand 36 mg isobutyl cyanoacrylate i(Polysciencc, Inc.,
Warrington, PA) were separately dissolved in 5 ml mcthy]cﬁe chloride and then combined to make

an organic phase. U86 (67 mg) was dissolved in the solution comprising the organic phase. The

organic phase was emulsified into 25 ml of 2.5% wiv aqueous PVA with sonication, at 55 Watts.

of encrgy- output forl 10 miputes_ovér an ice bath. ' The organi;: phase was evaporated from the
emulsion at room 'tempaamic for 40 hours. The mult_iné nanoparﬁclts were recovered by
ultracentrifugation at 140,000 g, washed three times with water, and lyophilized. The PLGA-
cyanoacrylate nanoparticles were recovered in about 65‘_}6 yield, with U86 loadiné of 25%, The

mean particle diameter was: 123 + 37 nm.
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In yet another embodiment of this aspect of the invention, the bioc;)mpaﬁblc, biodegradable
polymer is a novel epoxy-derivatized 4and activatedv polycaprolactone. }’olydnprolactonc, a
biodcgmdable polymer used in the medical field, has long-tgrin sustained release potential.
However, conventional polycaprolactones are noi useful as carriers for hydrophilic active agents,
or for rapid release applications. In addition, polycaprolactones lack -mctive functional groups that‘b
can be used to derivatize, or chemically modify, tﬁe polymer.

(2  Polycaprolactone-containing Multiblock Copolymers

In this embodiment, hydrophilic scgmemS. such as poly(ethylene glycol), are introduced into

a PCL polymer chain to form novel biodegradable hydroxy-terminated poly (e-caprolactone)- -

polyether multi-block copolymers useful as carriers for biologically active agents. The novel

- polycaprolactone-based polymers, therefore, have more desirable hydrophilic characteristics than

conventional polyupmlacumc,' conuollablevbiodegmdatiqn kinetics, and the potential for further -
derivatiziﬁon, such as through the addition of reactive epoxy groups as described hereinabove.

_ ' Advantageously, it is possible to form nanoparticles from-thc novel polymprolactone—ﬁased
polymers of the present invention without the addition of a detergent or emuisifying agent. When

an drgmic solution of poly(ethylené glycol)'-'polyaprolactone, for exam?lc, or other similir iypes

. of polymers having both hydrophilic and hydrophobic moieties in a single molechlc, is added into

an aqueous phase, the hydrophilic portion of thc.polymer molecule (PEG) will orient towards the
aqueous pﬁase and the hydrépﬁobié: portion (PCL) will orient towards the center of the emulsion

droplet. Thus, a nanoparticle core consisting of a hydrophobic portion with a hydrophilic surface
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will be formed. The outwardly facing PEG is a very good emulsifier and will assist in the
formation of an emulsion. .Moreover, _PEG will also stabilize ;hc emulsion and prevent aggregation
of the emulsion droplets. |

Block copolymers of the hydropﬁobic PCL scgm?nt and a hydrophilic segment, which may
be a hydrophilic poly.ether-,. may be synthesized by multiple rcactit;ns between hydroxyl end groups

and epoxide groups in a reaction scheme illustrated in Fig. 7. The illustrative reaction scheme of

Fig. 7 can be used to chemically link copolymer blocks in ABA, BAB, as well as (AB),, form, so

that hydrophobicity and molecular weight of the block copolymers can be tailored as desired.-
Placing hydmxyl groups on both ends of the block copolymcrs permits ready chemical modification ‘
of the polymer, ‘such as couplixig to heparin, albumin, vaccine, antibodies, or other biomolecules.
Rct;cr_ring to Fig. 7, corppound 30 is polycaprolactone dibl (PCL:-Diol). The highest weight '
PCL-diol commercially available has a molecular \ircight of 3000 which is not long enough to serve |
as a main segment in a copolymer .used as a sustained nﬁlwsc biodegradable nanoparticle. In ordq

to get a higher molecular weight PCL-diol which will be a solid at the contemplated temperatures

 of use, PCL~diol (eompduqd 30) is reacted with a difunctional epoxide compound, such as Denacol

EX252 (compound 31) in a 2.5:1 molar ratio. An excess of PCL-diol was used in this particular
case so that the PCL~diol would be an end group in the polymer chain. If the ratio is reversed,
i.e., there is an excess of EX252, then the epoxide compound will be an end group in the polymer

chain. The unreacted PCL is removed by gnidiént precipitation. The result is an expanded PCL-
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- diol, \&hich in this specific embodiment has the structure: HO-PCL-EX252-PCL-OH (compound

33).

Although the difunctional epoxide, Denacol EX252 has been used in this specific

- embodiment, it is to be understood that any polyfunctional epoxide, herein defined as a di- or

multifunctional epoxide, such as Denacol EX521 and EX512, or 1,2-epoxides, such as ethylene
oxide or 1,2-propylene oxide, can be used in the practice of the invention,

The expanded PCL-diol compound 33 is reacted with excess difunctional epoxide compound

to achieve end-capping of the PCL-diol with epoxidé groups. Referring to Fig. 7, one of the two

epoxide groups in the difunctional epoxide compound 31 reacts with the hydroxyl ends of the PCL-

diol compound 33 and leaves the other epoxide group free s0 that both ends of the PCL-diol are

' mpped by an -epoxide group. .Tl'ge excess epoxide compound is removed by precipitation and

washing. The result is an epoxide-capped PCL, EX%2-PCL-EX_252-?CL—EXZS2, compound 34.

Compound 34 (Block A) is reacted with an excess of a polyether diol (Block B). In ;he

embodiment shown in Fig. 7, the polyether diol is polyethylene glycol (PEG; M. Wt. 4500),

compound 35. Block A is reacted with Block Bina 1:4 molar ratio in this specific embodiment.

The multing,cbpolyma is collected by precipitation and the excess of polyether is removed by

" washing with water. The final copolymer is a BAB triblock copolymer linked with epoxides and

terminated at both ends by hydroxyl groups, compound 36. In this specific example, compound
36 is HO-PEG-EX252-PCL-EX252-PCL-EX252-PEG-OH. |



10 .

15

20

WO 96/20698 . PCTUS96/00476

- -79-

To make an ABA triblock copolymer, the reaction seéucnce is reversed, i.e., the polyether-
diol is used 1o form Block A and the PCL-diol is used as Block B. In ad&ition, multi-block
copolymers may be made using ABA or BAB triblock copolymers as a pre-polymer (analogoqs to
ct;mpound 33). In other words,‘ the ABA prcpol&mcr is end-capped with epoxide compound and
reacted with B block which resuits in a BABAB copolymer or A block for a ABABA @mlymcr.
A person of ordinary skill in the art can devise a multiplicity of hydroxy- and/or epoxy-terminated
polymers using the techniques of thc present invention. | |

of oourse, other hydrophobic polymers may be used for Block A/B, for example, such as
polyla.cndes polyglycolides, PLGA, polyanhydndes, polyamnno acids, or biodegradable
polyurethanes. Other hydrophilic polymers suitable for block B/A include polaxomers, such as
Pluronic F68 and Pluronic F127, and poly(propylene oxide) (PPO). ‘

In choosing A and ﬁpolymcrs, a person of ordiqary skill in the art would choose an optimal
balance of hydrophilic and hydrophobic molecules for a particular apﬁlimtion. More hydrophilic

polymers will have faster drug releasing properties and vice versa. Physical properties, such as

 shape and stability of the drug system, as well as the molecular weight of the polymer will affect

the release kinetics. The lower the molecular weight of the polymcr,vof course, the more rapid the

rate of release.

The molecular weight of block copolymers made in accordance with the invention is in the
range of 30,000 to 700,00 as measured by gel permeation or intrinsic viscosity, with approximately

90,000 to 100,000 being preferred for drug delivery applications.
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Example 15:

Ina quciﬁc, illustrative embodiment, PCL-diol (1.5 g; 0.5 mMol.; Polyscience, Inc.,
Warrington, PA; M. Wt. 3,000) was reacted with Denacol EX252 (0.21 g; 0.55 mMol.) in 15 ml
THF in the presence of Zn(BF,), catalyst 2% by wc‘ight‘ according .to epoxide compound) at 37°
C under stirring for 28 hours. To separate the expanded PCL-diol from the non-expanded diol,
gradient precipitation was carried out using heptane and the precipitated, higher mol_ecular weight

PCL was collected by centrifugation. The product, which is an expanded PCL-diol, HO-PCL-

.EX252-PCL-OH, was washedthh 5 ml of heptane to remove free epoxide molecules and dried.

The expanded diol (0.75 g) was reacted with Denacol EX252 (0.42 g; molar ratio of PCL
to EX252 was 1:4) ) in 10 ml THF, in the presence of Zn(BF,),, at 37° C wtth stirring for S
hours. The polymer was precipitated with 30 m heptane. The collected product, which is an

epoxide end-capped expanded PCL, specifically EX252-PCL-EX252-PCL-EX252, was washed with

" 10 ml of heptane to remove the excesses of epoxide compound and dried.

The PEG-terminated compound 36, H0-PEG-EX252-PCL-EX252-PCL-EX252:PEG-OH,
can be made as follows: | ' |

Compound 34 (1 g) is dissolved in 15 ml THF to which 2 g of PEG (compound 35; 1:3 -
molar ratio of compound 34 to PEG) and 20 mg Zn(BF,), had been added. The reaction is

ww to proceed for 48 hours, on a shaker table, at 37° C. The polymer HO-PEG-EX252-

)
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PCL-EX252-PCL-EX252-PEG-OH (compound 36) is precipitated with heptane, centrifuged, and
washed twice with 50 ml of water. | | -

Exampie 17:

ABA triblock copolymers were made in iécordance with the illustrative general reaction
séhcmc of Fig. 7, using the following polyethers as ﬁlock A: PEG EA4500, the polaxomers Pluronic

F68 (F68) and Pluronic F127 (F127), and poly(prbpylme oxide) (PPO). The various polyethers

were incorporated into ABA triblock copolymers with PCL to obtain poly!nei' specimens with

varying hydrophilicity and mec_hanical propemes PPOisa hydrophobic polyether polymer of M
Wt. ‘4000. ‘The Pluronics are diblock copolymers with PPO as thc‘ hydréphobic bl-ock and
poly(ethylene oxide) (PEO) as the hydrophilic block. Pluronic F127 has a molecular weight of
about 12,660 and is ')oés PPO and 30% PEO. Pluronic F68 has a molecular weight of about 6,000

and is 80%PPO and 20% PEO, and hence, less hydrophilic than Pluronic F127. PEG is the most

" hydrophilic polyether in the group.

In a specific illustrative embodiment, Pluronic F68 (1.5 g; 0.25 mMol.) was reacted with‘

Denacol EX252 (0.42 g) in 15 ml THF in the presence of 40 mg Zn(BF,), (1:4 molar ratio of F68

to EX252), at 37° C with stirring for 6 hours. The reaction mixture was precipitated in 20 ml

heptane. The collected product was washed with 5 ml of heptane twice to remove the excess
unreacted epoxide, and dried. The result was an epoxide end-capped Pluronic F68 (Block A). ‘

' The epoxide end-capped Pluronic F68 was reacted with PCL~diol (2.3 g) in 15 ml THF in

-the presence of Zn(BF,), at 37° C with stirring for 48 hours. Gradient precipitation in heptane was
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used to separate the resulung copolymcr from non-reacted free PCL. The precxpxtated copolymer

‘was collected by centrifugation and dned The resulung hydroxy-termmated ABA block copolymer

is HO-PCL-EX252-F68-EX252- PCL-OH designated as PCUFGSIPCL in Table 9, is shown below
Hbamm cucuzo-o—t—{}om,ca
mzmrm,(ouycﬁm,){o-qq,cﬁ.);gaﬁo:,

The general appearance and physical properties of the ABA and BAB triblock copolymers
fomt'xlaled in Example 17 are shown in Table 13. The corresponding hydroxy-terminated BAB
block copolymer, HO-F68-EX252-PCL-EX252-F68-OH, is designated as F68/PCL/F68 in Table
13. The °/* marks mdxcatc epoxy l@nlmges in a&otdanee with the present invention. \

Using the scheme of designation, the hydroxy-terminated BAB'u'iblocE copolymer ;:o;npound ’
36 on Fi'g.>7 is PEG/PCL(E)/PEG, where *(E)" indicates that the PCL is expanded with epoxy

linkﬁges as set forth in Example'15. Of course, the tenhinology PEG/PCL/PEG would indicted

" an hydroxy-terminated BAB triblock copolymer without additional expansion of the PCL
- component. The corresponding ABA ‘triblock copolymer, HO-PCL-EX252-PEG-EX252-PCL-0H,

or PCL/PEG/PCL, is shown below.

o Gy~ OH
H-{0-CHCH CHy CHyCHy-C -} O-CHr— g:.mzo-(:)- CC}-;O--ocx,
H-{0-CH CH; F0-CH -0
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Table 13

~ Polymer Type Morphology Water Film-Forming

. . Solubility Property
PCL/PEG/PCL crystallizable powder insoluble strong, flexible
PEG/PCL/PCL crystallizable powder swells flexible, breaks in water
PCL/F68/PCL ~ | crystallizable powder | insoluble | strong, flexible '
F68/PCL/F68 crystallizable powder | insoluble | flexible
PCL/127/PCL crystallizable powder swells brittle film
PCL/PPO/PCL sticky wax " | insoluble | does not form film

Referring to Table 13, the most useful polymers, from the ‘viéwpoint of drug delivery, are
the copolymers made from PCL and PEG or Pluronic F68. Polymers which do not crystallize,

such as those containing a high level of PPO, have poor mechanical strength and are sticky.

'Polymcrs having a large hydrophilic scgmer;t, such as the polymer from PCL and Pluronic F127,

are difficult to separate from the aqueous phase and will not maintain a solid shape in contact with
water, or body fluids. Successful drug delivery devwcs compnsc polymers \;vhich are solid at body
temﬁcranim, slowly dissolve or erode in the presence of body fluids, and nqli-inﬂammatory aﬁd
non-toxic to tissues/cells. Other advantageous characteristics would include higlh‘ drug loading

efficiency, the ability to be derivatized, stability, and, in certain cmBodimcnts, the ability to be

easily suspended in an injectable fluid medium.

In order to demonstrate that the reaction scheme of Fig. 7 produces ABA triblock

copolymers as alleged, NMR spectra of the PCL/F68 and PCL/PEG copolymers were measured
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on a Bruker AM-360 apparatus using CDCl, as the solvem.' A comparison of the proton NMR
spectra of the starting matcnals and the final oopolymer verified the molecular structure.

For the NMR study reponed herein, the reaction compounds were PCL/PEG or PCL/F68
(see Figs. 13 and 12, respectively). However, when the polymers are used for drug delivery,
further reactions may. be carried out to form the triblock copolymers, PCL/PEG/PCL or
PCLIFG8/PCL. | | o

Flgs 8-11 show the spectra of the starting maxenals PCL-dlol Pluronic F68, PEG E4500,
and Denacol EX252, respectively. The specu'um of the PCL/F68 copolymer is shown in Fig. 12
and mauﬁhes the proposed molegular structure shown hereinabove. Comparing the chemical shifts
in the starting materials, PCL, F68, and EX252, to the shifts observed on Fig. 12, it is certain that |
there are PCL segments (chemical shifts at positions a, b, ¢, d) and F6é segments (chemical shifts
at positions ¢ and40 in the final product'.A A small peak at § 0.7 ppm which has the lowest intensity

should be the shift of proton h in the -CH, groups in Denacol EX252. The reaction between

epoxide groups and hydroxyl end-groups was confirmed by the chemical shift at § 3.401 ppm

. (proton x) whxch represcuts the protons in the linking bonds resulting from the reaction. The -

CH,0H end groups in thc final copolymer gave a shift at 3.415 ppm.

The spectrum of the block copolymcr PCL/PEG is shown in Fig. 13. This spectrum shows
the same shifts as in Fig. 12 except for proton f which represents tﬁc difference between Plurbnic
F68 and PEG EA500 as shown in.the spectra of ﬁgs. 9 and 10. The PCL/PEG block copolymer

shown in Fig. 13 had a 75:25 molar ratio of PCL to PEG:
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In the spectrum of Fig. 14, the PCL/PEG copolymer had a 60:40 molar ratio of »PCL to

_ PEG, and therefore, contained a greater proportion of PEG than the PCL/PEG copolymer shown -

in Fig. 13. The chemical shifts caused b); the protons in Denacol EX252 which are extremely weak ‘

due to their relatively very small amounts, were deliberately enlarged. The chemical shift af 0.71

ppm (protons h) represents 6 protons in the -CH, groups in Denacol EX252 and peak r at 2.64 pﬁm

is the shift which comes from the two protons of -CH, in the cpoxide end group in Denacol EX252. -

- After the epoxide reacted with the polymer diols, the intensity of this proton f was greatly reduced.

It can be verified by the intensity ratio of h/r. Before reaction, the ratio is 3.6 as shown in Fig.
11. The ratio changed to 7.7 after the formation of the copolymer (Fig. 14). There is a trace

amount of unreacted epoxide in the copolymer. This indicates that it is possible that one of the

- epoxide. groups can be reacted with the -OH end groups of the poly-diol while leaving the other
- epoxide group free so that an cpoxidc-mpped copolymer would be formed if éxccss Denacol EX252

" is used.

Exampie 18: |
Hepann and albumin were chemically linked with the terminal hydmxyl groups of the block

copolymer through use of multi-functional epoxide compounds, illustratively Denacol EX521. In

this embodiment, Denacol EX521, with five epoxide groups per molecule, was used as a linking

reagent instead of the difunctional Denacol EX252 so that more free epoxide groups would be

availablc for coupling reactions. An excess of Denacol EX521 was reacted wnth the terminal

hydroxyl groups of the polymer particles to form epoxide-capped ends. The coupling of heparin
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or albumin to the PCL-based polymer particles is the same reaction between the free epoxide group
on the polymer ‘ends and amino, hydroxyl, or other functional groups in albﬁmin and heparin
molecules, as described hereinabove in the séction on epoxy-derivatization. 7

Triblock ABA and BAB copolymers of PCL and PEG or F68 of the type described in

_ Example 17 were used to make nanbpam'cles. A specific illusufative preparation scheme is as

follows: 100 mg polymer was dissolved in 5 ml methylene chloride and 1 ml acetone. This

polymer solution was added, with sonication at 55 Watts of energy output, into 20 ml distilled

water. Sonication was continued for a total of 10 mimi_t.es to form an oil-in-water emulsion.
Organic solvent was evaporated at room tcmpcmturc with stim'ng for 16 hours. Nanoparticles were

recovered by ultmccntnfuganon at 145,000 g, muspmded and lyophxhud

In a specific illustrative embodiment for thc surface modification of PCL-based . -

_ nanopamclcs, 50 mg polymer nanoparticles were suspmded in 10 mil pH 5.0 borate buffer (0.05

M). An excess of Denacol EX 521 (0.8 g) was dissolved in 5 ml of the same buffer and added into |
the polymer particle suspension. A catalyst, zinc tetrafluoroborate (Zn(BF.),; 14 rﬁg), was addéd
with stirring. ‘The reaction mixture was shaken at 37° C for 30 minutes. The particies were
collected by centrifugation ana the excess epoxide compound was temove;i' by washing thvt-.~
separated particies with water. The result was epoxide-capped polymer particles.

The epoxide-capped polymer particles were resuspended in 10 ml boratc> buffer and.20 mg -

heparin or albumin was added ‘witﬁ stirring. The reaction was permitted to continue for 5 to- 10 |
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hours at 37° C. .'l.'he final product was collected by centrifugaﬁon; Free heparin or albumin was
removed by washing the nanoparticies three times with water. |
» In order to measure the amount of heparin or albumin coupled to .the pdlymcr >particles,‘
-x_jédiolabeled h;paﬁn (*H-heparin) iﬁd albumin ("C-albumin) were used in the coupling reaction.
5  About 5 mg coupled particles were dissolved in 5 ml of mcthylchc ch‘lon’.de.‘ The orgénii: solution
was washed three times with water (7 ml). The coﬁocntration of heparin or alBumin in ltlhnc
combined a:iueous extracts was measured by liquid scintillation counting and the amount of total
heparin or albﬁmin in the poiymcr particles was calculated from a calibration plot.
- Table 14 shows the résu]ts of coupling albumin (BSA) to various block-copdlymer particles.

10 . The nanoparticies made of the polymer PCL/EX252/PCL is the expanded PCL-diol, compound 33

of Fig. 7.
" Table 14

Specimen Amount of BSA BSA % (w/w) - Efficiency of .

(mg) coupled to polymer BSA Coupling (%)
PCL/F127/PCL 1.37 15.40 : 38.50
15 PEG/PCL/PEG | - . L.19 11.37 | 28.43
PCL/PEG/PCL 1.25 13.17 32.43
PEG/PCL/PEG/PCLIPEG 136 |- 13.22 | 33.05.
PCL/F68/PCL 0.82. . 6.46 16.15
PCL/EX252/PCL |’ 0.33 13.51 8.78
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Referring to Table 14, it is obvious that the amount of albumm ooupled to the nanopamcles.

vanes with the hydrophobicity of the polymer. More hydmphlhc polymers result in higher

coupling. Since the coupling takes place at the end of the polymer molecule, the molecular weight

~ of the polymer would be an important factor in coupling cfﬁdmcy. The ﬁighcr the- molecular

weight, the lower tho amount of albumin that can be coupled. A pctson of oroinary skill in the art,

in the piwice of the invention, would have to balance the desired molecular weight required for

: mechamul strength agamst the biomolecular couphng required for a given apphanon

-For solid dosagc forms, eg., 1mplants requiring long-term release, a hydrophoblc polymcr A
is useful. Hydrophilic polymcts are permeable to water or tissue fluid, and will consequently,
bioerode roore quickly. fmm the standpoint of making nanopani_cles, the hydrophobic/hydrophilic
balance should be adjusted so that the polymer can form nanopamdes without an external
crﬁulsiﬁer; If the polymér is too hydrophilic in nature, or too hydrophobic, an emulsifier will bc
_fequired to, form nanoparticles. Further, if the polymer is too hydrophilic, it will be difficult to |
recovcr of coutso, hydrophilic poiymcrs will entrap more ﬁydrophilio drug .and hydrophooic
polymers will eatrap more hydrophobic drug. A person of ordinary skill in the art can easily
control thw: pmperues by determmmg the appropriate number of hydmphobxc and hydrophnhc 1
segmems as well as their relative posmons (e.g., BABor ABA). in the multi-block polymers

The stability of the albumm-eoupled nanoparticles was tested in a diffusion chamber

:

containing phosphate buffer, pH 7.4, at 37° C. Nanoparticles of PCL/F68/PCL made in

accordance with Example 18 were suspended in buffer and continuously shaken.. Periodically,
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samples of buffer was removed and replaced with fresh buffer. Radioactivity of the removed buffer

* samples was measured by liquid scintillation eounting - In this manner, ‘the stablhty of albumin

(BSA) coupled to PCL/F68/PCL copolymer was monitored over a 60 day period and compa.red to
a polymcr eompnsmg a physnzl mixture, " or dxspcrsnon of BSA with the PCL/F68/PCL

nanoparticles. It is to be noted, that the physical mixture: of albumin thh nanoparticles is not

: consldcred to be pan of the invention.

The results are shown in Fig. 15 which is a gmphxc reprmtauon of !he percent of albumm

remaining in the PCIJF68/PCL nanopartxclu as function of time in days Referring to Fig. 15,

the chemrcally coupled albumm was very stable More than 90% of the coupled albumin remained
after 62 days of mcubauan The physunlly‘ml;xed albumin/polymer spgcimm exhibited faster
leakage than the coupled specimen during the ﬁrst_S days. The high molecular weight of albvumin
may impede its diffusion from the polymer particles. » v

Table 15 shows the results of coupling heparin to various block copolymer parti;:lcs.

Approximately 5% w/w heparin was coupled to particles of each identified copolymer.

- o Table 15
Specimen Amount of Heparin Heparin % (w/w) Efficiency of
B (mg) coupled to polymer Heparin Coupling
(%)
PEG/PCL/PEG 0.64 5.87 - 14,68
PCL/F68/PCL ~ 0.51 4.95 12.38
PCL/EX252/PCL 0.46 5.05 12.63
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Hcpam;-coupled nanoparticles were subjected to standard AP’!'I‘- testing. No clotting
occurred over 200 seconds for dog plasma treated with heparin-coupled nanoparticles, confirming -
the aﬁlithmmbogenic effect of the coupled hepatin; ln_cotilparisoﬁ, un-heparinized particles clotted
within 20-30 seconds. |

Figs. 16A through 16C are graphical representations of the stability of the hcpaﬁn-céupled
nanqpanicl;s of Tablg 15 expressed as % bound heparin remaining' over time in days. The
chemically coupled hcpaﬁn is substantially more stable than the physically mixed. About 85% of
the heparin remained in the chemically coupled particles after 43 days as compared to 15% in the
physically mixed sampl‘es.-' ‘

Example 19: .

086 and dexamethasone were incorporated into nanoparticles comprising PCL-based

copolymers. The nanoparticles were prepared by the in-solvent emulsification-evaporation

technique described above (see, Example ]8)‘. However, since the block copolymers contain both

hydrophobic and hydrbphilic fathm, a surfactant is not necessarily required to form the initial oil-
in-water emuision.
The PCL-based polymér and hydrophobic drug were dissolved in an organic soivent,

methylene chloride. Tﬁe organic phase was sonicated in an aqueous phase, which in this particular

embodimem was a sodium phosphate buffer (pH‘ 8.0), to form an oil-in-water emulsion. The

organic solvent was evaporated at room temperature with stirring. The nanoparticies were
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recovered by ultracentrifugation and dried by lyophilization. The hydroxyl end groups on the

block copolymers allowed heparin to couple on the particle surface.

In a specific illustrative embodimcnt,' dexamethasone (35 mg) was dissolved in a
combination of 0.5 ml acetone and 0.3 mi ethanol. The drug mluﬁon was mixed into a polymer
Qluﬁon ‘( 100 mg) dissolved in 5 ml methylene chioride. The organic phase, ‘conta.ining drug and
polyme;', was cmulsiﬁed_ with sonification at 55 Watts o'f energy output, into 20 ml>-l% PVA
solution for 10 minutes over an ice bath to form an oilf§n-watcr emulsion. The organic solvent was

evaporated at room ianperamre for 16 hours. The nanbpam'cls, thus-formed, were recovered by

 ultracentrifugation, washed three times with water, and lyophilized.

" Table 16 shows the mean particle size, drug loading, ‘and heparin coupling to US6-
contairﬁng n;nopanicles. Anti-&u-omﬁogcnic activ-ity- was confirmed by the APTT test which |
showed no clotting in greater than 200 seconds for the heparinized nanopémig:les. The copolymer
of F68/PCUF68 formed the smallest particles due to the long- frec hydrophilic Pluronic F68 chain

on both ends of the copolymer. PCL/PEG/PCL block copolymer also formed small particles.

Table 16
Specimen U86 loading Heparin Coupling Panticle Size
(wiw) (%) (nm) -
F68/PCL/F68 ’ 12.8 3.86 ‘ 131.2
PCL/F68/PCL 25.2 C2.67 - 585.8 .
PCL/PEG/PCL 16.1 ' 4.16 168.5



10.

15

WO 9620698 , PCT/US96/00476

-G92-

Fig. 17 is a graphical representation of the in vitro release of U86 from the heparinized
nanoparticles expressed as % U86 released over time in days. Over a 33 day period, about 85%
of the incorpomed U86 is released from PCL/PEG/PCL, 75% from F68/PCL/F68, and 50% from

PCL/F68/PCL. The nanoparticles remained intact after 33 days in the in virro environment. It is

“hypothesized that release of U86 from the particles in the first 30 days was primarily by diffusion.

The remaining U86 will be released more slowly as the pollymer degrades. Fig. 17 also shows that
PLGA nanbpam’cles release a greater amount of dmg than the PCL-based triblock oopolyt‘ners.

Dexamethasone-containing nanoparticies were made in accordance with this Example and
incorporated into ABA-type copolymers identified on Table 17 below. Since ABA-type copolymers
were used in this spcciﬁc illustmtive embodiment, and hence the end segments were hydrophobic,
a surfactant, specifically 1% aqﬁeous PVA solution, was employed to émulsify the medium. PCL
horﬁopolymcr fPCUEXZSZ/l?CL). the expanded PCL-diol which is compound 33 on Fig. 7, was
also used to make dexamethasone-containing nanoparticles for comparative purposes. |

Tablcl 17 shows the particle size, drug lc;ading .and results of standard APTT tests of

heparin-coupled, dcxamcihasonc-containing nanoparticies. The PCL/F68/PCL nanoparticles were

 particularly small. All particles showed good anti-thrombogenic activity.
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Table 17
Specimen ~ Dexamethasone Particle Size Thrombin Time
loading (w/w) (nm) (sec.)
PCL/PEG/PCL '33.9 . 117.5 > 200 sec. '
PCL/F68/PCL 22.1 72.2 >200 sec.
PCL/EX252/PCL 28.7 177.0 >200 sec.

Fig. 18 is a graphical representation of the % dexamethasone ml&s&d in vitro over time,
in days, for the nanoparticles described on Table 17. Within 21 days, about 80% of the
incorpomtr_:d dexamethasone was released from éCiJF68/PCL, 65% from PCL/PEG/PCL, and
50% from the PCL homopolymer. Smaller particl; size and lower drug loading resulted in quicker
release in the first three days as demonstrated by the PCL/F68/PCL nanoparticle. On the other
hand., larger particles with higher drug loading demonstrated longer periods of sustained release as
shown by the results for the PCL/PEG/PCL and PCL/PCL/PCL nanopanicles _

The block copolymers of the present invention can also be used as a matrix carrier for

_comrolled release of bxomacromolecules, such as albumin (BSA). Films containing 15 % BSA were

made from ABA-type block copolymers and PCL homopolymers by hot compression molding at
130° F and 1 ton of pressure. The resulting films of about 150 um thickness were cut into 1 x |
cm pieces and shaken in pH ;7.4 phospi\ate buffer at 37° C. The amount of BSA released in vitro -
from the films was monitored by meaSuring absorbance at 595 nm using a BIO-RAD Pmtéin Assay

reagent (Bio-Rad Company, Hercules, CA). The results are shown in Fig. 19 which is a graphical
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rq’:rsemaxion of the in vitro release of BSA expressed as _the % BSA released over time’ in days.
Referring to Fig. 19, it is obvious tﬁat the rclcasc of albumin from PCL/PEG copolymers is much
higher than the release from the PCL homopolymer. This suggests that the release of high
mol-ecular weight protciﬁs, which are typically hydrophilic, from a copélymcr matrix is positively
related to its h;'&mphobidty.

. Contact angle m@uremems, which relates to the iﬁwﬁacial tension between solid polymer

particles and water, were made to assess the hydrophilicity/hydrophobicity of several hydroxy-

. ferminated triblock copolymers of the present invention, PCL/F68/PCL and PCL/PEG/PCL, asa

function qf molar ratio of hydrophobic b hydrophilic components. The results are shown below
in Table 18.- If the contact angie is small, the polymer surface is\hydrophi_lic and vice versa.

Hydrophilicity/hydrophobicity may be an important parameter in the cellular uptake of the -formt_:d
nanoparticles in practical embodiments, such as treatment or prcvcnﬁon .of restenosis and
immunization with orally administcﬁed vaccines. In the latter césc, the uptake of hydrophobic
particles, such as polystyrene parﬁéles, by the Pcfer's patches is greater than the uptake of mbre

hydrophilic particles, such as PLGA particies.
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‘ Table 18
’ - CONTACT DATA : : l
PCL/F68/PCL )
Molar Ratio of F68 (%) Contact Angle + Standard Deviation
F68
1 0.000 . 60.220 + 0.280
5 2 10.000 - 49.730 £ 1.520
3 33.000 ‘ 34.470 + 1.360
4 40.000 5 24.330 + 1.380
5 50.000 20.460 + 1.470 -
6 158.000 16.140 + 1.020
10 PCL/PEG/PCL
Molar Ratio of PEG (%) Contact Angle + Standard Deviation
PEG
1 0.000 - _ ~ 60.220 + 0.280
2 30.000 39.200 + 1.110
3 . 50.000 . "~ 30.020 + 1.900
4 ’ 58.000 18.550 + 1.320
15 5 - 80.000 _ 10.780 + 1.900

The foregoing demonstrates that the PCL block copolymers of the present invention can
be formed into nanoparticles, heparin can be covalently bound to the surface to confer anti-
coagulant activity to the nanoparticles, and proteins and/or pcpudes can be bound to thc surface

and released thcrefmm Of course, the PCL-based copolymers of the present invention are
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derivatizable, and can thus, be reacted with a variety of bioactive agents or shrface modifiers.
In some embodimems, no detergeats are necessary for ‘the formation of nanoparticles.
Furthermore, the unique fonnulatior;s pcfmit.s a far wider range of breakdown duration times
than possible with standard PCL. Breakdown times can range from less than an hour to
months, and even as much as three yars based on reports. See, for example, Damey, ef al.,

Esntility and Sterility, Vol. 58, pp. 137-143 (1992); Damey, er al., Am. J. Obstet, Gynecol.,
Vol. 160, pp. 1292-1295 (1989); and Ory, et al., Am. J. Qbstet, Gynecol., Vol. 145, pp. 600-

. 604 (1983).

In addition to nanoparticles, it should be noted that the novel PCL-based copolymers of

the present invention, and methods of making same, are applicable to the manufacture of

" microparticles, nanoparticles, coatings, and biodegradable monolithic drug depots or polymer -

matrices and/or devices, such as surgical sutures, catheter tips, urinary catheters, efc.
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‘IL  Method of Use Embodiments:

The nanoparticle form is particularly suited for catheter-based local drug delivery at any
site which can be accessed thr;)ugh the vasculature, or by other interventional means.
'I'hcr;fore, the nanoparticles of ﬁxc present invention are contemplated for use in cathetcr-ba#ed

5 delivery systems, particularly in interventional cardiology applications and systems and in the
treatment of the vasculature. Active agents for these gpplimtions, include, without limitation,
déxamethaséne, corticostcmids,vthror‘nbolytic drugs, calcium channel blockers, anti-platelet

~ action drugs, anti-proliferative agents, such as U86, cytoskeletal inhibitors, DNA, anti-
inﬁamma_toﬁcs, and immunosuppressants.

10 (1) Prevention of Restenosis .

Ina speciﬁcA method of use aspect qf the invention, the nanoparticles are useful for local

' intravascular administration of smooth muscle inhibitors and anﬁthmmbogcnic agents as part of
an imérven;ional cardiac or vascular catheterization procedure, such as a balloon angioplasty.
buc to their small' size, the nanoparticles may penetrate the arterial wall, for example, and

15 freely enter extracellular spaces. ‘

Nai\opartigles are made particularly 'suiﬁblc for intravascular use by co-incorporation of
one or more additives to reduce thrombogenicity and enhance extmceliular matrix adhesion.
The additives specifically contemplated for this purpose inciude detergents or surfactants such as
polyvinyl alcohol, heparin, albumin, cytokines, and various lipids including phospholipids and

20 fatty acids, or a combination thereof. Surface modification with the detergent, DMAB,
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produced the best results, in terms of retention, as shown in the experimental results reported
hereinabove (see Tables 6 and 7). Modifying the surface charge of the nanoparticles, imparting
mumdhe;ive properﬁc; to the nanoparticles, and loading the nanoparticles with albumin further
incm;f.ed efficacy. |

Mode! bioactive agents for this embodiment of the invention include the hydrophobic
drugs, U86 and demee. However, in a specific aavantageous embodiment, -cytochalasin
B was formulated into PLGA nanoparticles in accordance with Example 20 hereinbelow.

For treatment of restenosis of vascular smooth muscle cells, preferred therapeutic agents
include protein kinase inhibilo_r.-s, such as staurosporin or the like, smooth muscle migration
and/or contraction inhibitors such as the ‘cytochalasins. suramin, and nitric oxide-relasiné
compounds, such as nitroglycerin, or analogs or functional equivalents thereof. Cytochalasins
are believed to inhibit both migration and conuﬁction of vascular smooth muscie cells by
interacting with actin. Speéiﬁmlly, the cytochalasins inhibit the polymerization of monomeric
G-actin to polymeric F-actin, which, in tum, inhibits the migration énd contraction of Mlu
smooth muscle cells by inhibiting cell functions rqquiﬂng cytoplasmic microfilaments. The
cytochalasins include mold m;ubqlims exhibiting an inhibitory effect on target cellular
metabolism, including wwﬁon of contraction or migration of vascular smooth muscie cells.
Cytochalasins are typically derived from phenylalanine, tryptophan, or leucine and are described
more particularly in International application WO 94/16707 published on August 4, 1994; WO

94/07529 published on April 14, 1994; and Japanese Patent Nos 72 01,925; 72 14,219; 72
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08,533; 72 23,394; 72 01924; and 72 04, 164. The text of the cited publications is
incorporated and included herein by reference. Exemplary molecules include cytochalasin A-H
and J-S: chaetoglobosin A-G, J, and K; deoxaphomin, proxiphomin, protophomin, zygosporin
D-G, a;pocha!asin B-D and the like, as well as functional equivalcnts\and denivatives.
Cytochalasin B is used in this example as a model, and preferred, compound. _

While the present example direcﬁy applies cytochaiasin-bbund nanoparticles to vascular
tissue, it is to be understood that the invention clearly contemplates the surface modification of
the nanoparticles so as to include binding protcins/pcptid?s, such as vascular-smooth muscle cell

binding proteins, to target the nanoparticles. Vascular smooth muscle binding proteins include

' antibodies (e.g., monoclonal and polyclonal affinity-purified antibodies, F(ab®),, Fab’, Fab, and

Fv fragments and/or complementary determining regions (CDR) of antibodies or fuﬁcu‘onal
equivalents thereof; growth factors, cytokines, and polypeptide honn-on;s and the likc;v and
macromolegules recognizing extracellular matrix receptors, such as integrin and fibronectin
receptors. In addition, binding peptides for targcﬁng the nanoparticles would include binding
peptides for intercellular stroma and matrix located between and among vascular smooth muscle
cells. These peptides are associated with epitopes on collagen, extracellular glycoproteins, such
as tenascin, reticulum and elastic fibers and other intercellular ﬁatrix materials.
Example 20:
150 mg PLGA was dissolved in 5 ml methylene chioride and 15 mg cytochalasin B

(Sigma Chemiﬁl Co., St. Louis, MO) was dispersed in the polymer solution. Acetone (about 4
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ml) was added drop-wise, with stirring, until a clear solution, or organic phase, was formed.
The organic phase was emulsified in 20 ml 2.5% PVA solution with sonication to form an oil-

n-water emulsion. The oil-in-water emulsion was stirred for 16 hours on a magnetic stir plate -

I to evaporate the organic solvents The mulnng nanoparticles wm raoovered by

ulnaccnn'ifugation washed until free from un-entrapped cytochalasin B and lyophilized for 48
hours. A typical ylcld for this procedure is about 60%. Thc nanoparticies have about 7. 08%
w/w drug loading and an average particle size of 145.4 + 44 1 nm.

In order to evaluate cellular uptake of cytochalasin B-loaded nanoparticles, a fluorescent
dye, coumarin-6, was incorporated into the nanoparﬁclc formulation of Example 20 -
Specifically, approxiﬁhé!y 0.1% by weight @Mn-6 was dissolved into the organic phase

prior to emulsification. The uptake of cytochalasin-B and subsequent retention by BOS4 primate

smooth n;uscle cells (passage #25) in tissue culture. The target cells were plated out in 100 mm

plates for 24 hours prior to use at 2.5 x 10° cells/plate (a confluent monolayer for the culture |

.cell). The target cells were exposed to 5 mi/plate cytochalasin B-containing nanoparticles made

in accordance with this example (10 ug/ml in complete media) for one hour at 37° C. Then,

the monolayer was washed two times with 10 ml complete media, and rc-supphed with 10 ml

‘complete medla

The cells were harvested by trypsin/EDTA cell removal, with low speed centrifugation.
The cell pellet was resuspended in PBS/2% new bom calf serum/0.05% sodium azide. The

uptake of nanoparticles into the cells was quantified by two metheds: by direct measurement of
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fluorescence by_ flow cytometry and by fluorescent spechﬁphotomeﬁc measurement of ;he
extract of coumarin-6 from the cells with ethyl acetate. The results are given below in Table
19. Time "0" was harvest time, mmsull'cments'were made after 2 hours and 24 hours of
incubation at 37° C. The fluorescence data was collected in log scale and converted to linear

via control samples. The linear values are reported FE value (fluors intensity). (

Table 19
~ Cellular Fluorescence (flow cytometry) Coumarin in Extracts
Time Posted Fluorescencee % Retention Coumarin-6 % Retention
- (hrs) FE ) : (ng) .
0 871 100 1.63 100
2 255 29 0.56 34
24 145 16 0.29 - 18

Release of cytochalasin-B was evaluated in vitro over a 30 day period in a ‘double
diffusion chamber in accordance with the technique described herein, i.e., 5 mg nanoparticles

per ml physiological phosphate buffer (pH 7.4, 0.154 mM) at 37° C. The result are shown in

Fig. 20 which is a graphic representation of the in virro release of cytochalasin-B over time (in

days) expressed as the percent of total cytochalasin-B released into the buffer from nanoparticles
of the type made in Example 20. A sample of nanoparticles containing the fluorescent dye
Coumarin-6 was also tested in vitro to ascertain whether the dye affected release of the active

agent from the nanoparticies.
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The therapeutically effective amount of nanoparticles will depend on several factors,

including the binding affinity of any vascular smooth muscle binding protein associated with the

" nanoparticles, the atmospheric pressure applied during infusion, the time over which the

therapeutic agent is applied and resides at the vascular site, the nature of the therapeutic agent

~ employed, the rate of release of the therapeutic agent from the nanoparticles, the nature of the

vascular trauma and therapy desired, and the intercellular and/or intracellular localization of the
nanoparticles. For inGavasgula: administration, the nanoparticles are suspended in a suspending
medium suitable for injection, preferably in a concentration of 0.1 mg/ml or less to 300 mg/ml,
and p;efmbly in the range of 5 to 30 mg/ml. This concentration of nanoparticles is in excess of
the thcxapcmimll.y required amount and is still *fluid" for injection. For cytochalasin, a l(f’ M
10 10™ M concentration at the site of administration in a blood vessel is preferred. -
o Ina pmfcﬁed embodiment of the invention, the nanopahiclcs formed by the methods
describeﬂ hereinabove can be regionally and selectively injected into a target :wne-with a custom
angioplasty catheter developed for this purpose since blood flow must be interrupted during thé
injection process. Several custom catheters which would be suitable for the purpose are
currently in the investigational stage. These are the Wolinsky catheter (C.R. Bard, Inc.,
Billerica, MA), the Dispatch catheter (Sci-Med, Minneapolis, MN), ir_\d the Cordis Arterial
Infusion catheter (Cordis Corporation, Miami Lakes, FL). US Pau-:nt No. 4,824,436 describes

a catheter which has the ability to form a biood-free chamber within the artery into which fluid,

such as a solution of hepa.rin, can be delivered under pressixre. US Patent No. 5,049,132
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descriBes yet another catheter adapted for delivery of a liquid therapeutic agent. Of course,
conventional catheters can be otherwise modiﬁe;! by a person of ordinary skill in the art to-
discharge the novel drug delivery system t0 an arterial (or other organ) wall. Further, infusion
needles, or any other means of injecting nanoparticles are specifically within the contcmpl;tion
of the im(cntion. | |

In a’ method of use, the nanoparticles arc‘injected L;ndcr pressure, illustratively 2 to 10
atm, with 3-6 being preferred, to the wall of’ the vessel preceding, during, or subsequent to the
damaging intervention, such as angioplasty. In a preferred embo&iment, the nanoparticies
include heparin which confers antithrombogenic properties in addition to inhibiting smooth
muscle cell proliferation. In addiiionv, surface modification with the detergent DMAB produces
excellent results with respect to retention at the site of administration. The nanoparticles adhere
to the intramural tissue and slowly degrade to release therapeutic agent which may be smooth
muscie inhibitors, including ageats that modulate intracellular Ca*? and Ca*? binding proteins,
receptor blockers for contractile agonists, inhibitors of the sodium/hydrogen antiporter, protease
inhibitors, mtrovasodxlatoxs phosphodiesicrase inhibitors, pha\omiazines, growth factor
receptor antagonists, anti—mitotic‘ agents, immunosque agents, antisense oligoﬁuclwtides,
and protein kinase inhibitors.

In an advantageous method aspect, inducing an osmotic shock to the vessc'l wall with a
hypertonic solution prior to, or cbntemporaneously with, nanoparticle administration further

enhances drug entry and extracellular matrix penetration.
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Although disclosed. in terms of prcvention of restenosis following angioplasty, the
method of the present invention can be appliea to any balloon catheter procedure for such
conditions as coronary artery disease, benign prostatic hypertrophy, malignant diQrdcrs of
various tissues available to tubular access, occlusions in peripheral or cardiac vasculature,
clearing and reston'nﬁ prostatic and other intrusions in the urethra, opening fallopjlan tubes, and
dilating esophageal strictures. Tissue injury and resulting proliferation of smooth muscle cells is
often a contributing factor to complications from these Mum. Thus, the treatment of
conditions wherein the target tissue or cell population is accessible by local administration, such
as by catheter, infusion needle, surgical intervention, or the like, is within tﬁc coﬁtcmplan’on of
the invention. A

Specifically included is the treatment of cancer with antimcér agent; incorporated into
nanopamdes made in accordance with the present invention. Of course, the anti-cancer-laden

nanoparticies can be surface modified to target and/or enhance retention at the site. Anu-canccr

agents include, but are not limited to, alkylating agents, such as mechlomxhammc,

éyclopﬁosphanﬁde, ifosfamide, mephalan, chlorambucil, hexamethylmelamine, thiotepa,
busulfan, carmustine, lomustin, lomustine, semustine, steptozocin, dacarbazine; amimctaboiites,
such as methotréxatc, fluorouracil, floxuridine, cytarabine, mercaptopurine, thioguanine,
-pmtostaﬁn; natural products, such as alkaloids (e.g.; vinblastine or vincristine), toxins (e.g.,
etoposide or teniposide), antibiotics (e.g., such as dactinomycin, daunorubicin, bieomycin,

plicamycin, mitomycin), and enzymes, (e.g., L-asparaginase); biological response modifiers,
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such as Interferon-a; hormones and antagonists. such as adrenocortocoids (e.g.,

‘dexamethasone), progestins, estrogens, anti-estrogens, androgens, gonadotropin releasing

hormone analogs; miscellaneous agents, such as cisplastin, mnoxantmnc hydroxyurea, -
proarbazme or adrmocoruca! suppressants (e.g., mitotane or aminoglutethimide).

@ Sustained Release of Protein/Peptide Vaceine for Immunization

In this embodiment,l the nanoparticles can be orally administered in an enteric capsule to -
be delivered to the gastrointestinal tract which Qill result in result in uptake by the intestinal
mucosa and the Peyer's patch. This embodiment is useful for immunization with | _
protein/peptide based vaccines, but can be adapted to deliver gene therapy to the Peyer’s Patch
lymphoid tissue. '

Convcnnonal methods of immunization generally require mulnplc injections at ccmm
time mtcrvals to achncvc the desired prowcuve 1mmune response. Thus, multiple contacts with
health care pcrsonncl are necessary. ’I'hls is associated with a high "drop out® rate and a lack
of cost-effecuvenas particularly in developing countries. It would be advantageous to provide
an orally administered single dose vaccine‘ immunization system which contains both an
adequate priming dose as well as staged booster dosé(s). In addition to securing compliance
with the dosing schedule, such a dosage form would be less costly, and hence, more
competitive. Cost would further be reduced for oral dosage forms which do not require

needles, syringes, etc.
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The sustained release of antigens from nanoparticles, and its subsequent processing by

the macrophage and presentation to the immune system, results in an immune response. A

single ciose oral vaccine using capsule-protected nanoparticles of the type made in aceordanecv
with the present invention has been shown to achieve an immune response comparable to that of

the conventional method of subcutaneous immunization with alum tetanus-toxoid. The capsule

_ is designed to protect the nanoparticles and enczp#uiated antigen from gastric enzymes and

acidic pH, and to release the enclosed antigen loaded nanoparticles in a burst in the ileum for
optimal uptake by the gut-asociatgd lymphoid tissue (and subsequent delivery to the mesenteric
lymph nodes) in order to induce an immune response.

ﬁe capsule may comprise a protective time-mla& capsule' of the type known iﬁ the
prior art, and pmf@ly is an osmotically controlléd, ﬁmg:-m}asc capsule of the type disclosed
in USPN AS ,229,895 issued on July 20, 1993, the disclosure of which is incorpomtgd herein By'

reference.  However, any capsule coated with enteric polymers can be used for the purpose.

~ Such enteric polylhcxs include oe’llhlose acetate phthalate, shellac, Eudragit (sold by Rohm

Phanhacéutical. Philadelphia, PA), erc. that bypass the a&;idic pH of the stomach and dissolve in
the intestine. The timf. of release of the capsule contents depends upon the number of polymer
coats and structure as is known in the art. ’

In the particular embodiment described herein, the nanoparticies are contained in a

 PORT™ system capsule (TSRL, Ann Arbor, MI) which is an oral drug delivery system designed

to bypass the stomach and release 2 dose of drug to the gastrointestinal tract at specific times.



10

15

20

WO 96/20698 PCT/US96/00476

_107-

. The design of the PORT™ system is based on controlling the flux of water into a gelatin capsule

via a polymer film coating which regulates water flux into the capsule. As the capsule travels
down the ga#tmintmtir;al tract, pressure builds inside the capsule from the influx of water and
fm the eon;ents’ out in a pulse. The influ; of water is regulated t;y varying the thickness t')f
the polymer ﬁlm'q_)ating on a gelatin cz_lpsule wall. AThe coatings used in this particular
embodiment were cellulose acetate which regulates water ﬁux into the capsule anél ccllulosé
acetate phthalate which resists stomach acid, but dissolves at intestinal pH. As the amount of
coating applied to mpsﬁlc is increased, the permeability and water flux dm. ’I‘ﬁc decrease
in water flux decreases the rate c;f pressure build-uﬁ within the capsule, thereby prolonging the
time of the pulse. The pulse times can illustratively range from 4 to 9 hours for film coatings
of 410 11%. |

- In adtii:ion to containment in a conn’olléd-release capsule, the t;anoparticlc;f. can be

adapted to have staged, variable breakdown periods to achieve priming and booster doses.

- Formulation of a biodegradable polymeric non-antigm—cohlaining sealing coat(s) which delays

hydrolysis of the biwmle polymer, and surface modiﬁcmion as described herein, are
several of the techniques which may be used to vary the breakdown rate.

Although the following example is directed to the use of nanoparticles for the delivery of
tc:anus—tox'oi‘d vaccine as the model protein-based vaccine, it is to be understood that the system
may be useful for delivéry of other vaccines, or combinations of vaccines, to achieve long-term

protective immune responses against any vaccine-preventable disease. Ilustrative examples are
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bacterial vaccines such as tetanus, cholera toxin, hepatitis B, acellular penussis Staphylococcus

enterotoxin B, pneumocoecus Staphylococcus and Streptococcus antigens, and others, mcludmg

‘combined dlpmhena pertussis, and tetanus (DP’I‘), E. Coli (enteropathogenic); and viral

yaccmc protems, such as all AIDS antigens, viral proteins (e.g., influenza virus proteins,
adenovirus, and others); live virus in microcapsules (e.g. . attenuated poliovirus), Hepatitis viml-
componenis, Rotavirus components. | |

Orally administered controlled release nanoparticles can induce a secretory immune

response (IgA) in addition to a systemic immune response (IgG). This would be particularly.

‘useful for the prevention of respiratory, vaginal, and gut-associated mucosal infectious diseases.

Example 21;

Tetanus-toxbid ‘(provided by the Serum Institute, Pune, India ) was loaded into PLGA in
the water-in-oil-in-walcr emulsification lec_hnidue of Example 10 hereinabove. The technique
produced a 57% entrapment efficiency with 12% antigen loading. Particle size distribution
studies revealed a uniform Mclc distributioh with 2 mean particle diameter of 154.3 ¥ 82.7 -
nm. ’I'he in vitro release rate of tetanus toxoid from thc PLGA nanopartxc!es into a phosphate
buffered saline at 37° C approximates first order hncucs

More particularly, tetanus toxoid and a viscosity mh;lnecr; Pluronic F-125 (BASF,
Parsippany, NJ), are dissolved in water. PLGA (50:50, molecular weight 90,000, inherent
viscosity, 1.07; Birmingham Polymers, Inc, Birmingham, Alabama) is dissolved in methylene

chioride (3% w/v). The tetanus toxoid soiution and the PLGA solutions are sonicated 1o form a
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water-in-oil primar)" emulsion. The primary emulsion is then emulsified into an aqueous
solution of PVA (2.5% w/v) to t‘orm.a water-in-oil-in-water emulsion. The organic solvent is
then evaporated, the nanoparticles are recovered by ultmmuiﬁ@aﬁau. washed three times with
water, resuspended in water and lyophilized.
Example 22:

ﬁanoparticl& incorporating BSA and 0.05% Rhodaﬁxiné dye were administered to a -

' group of rats (male, Sprague-Dawley, 230-250 mg) in order to dexect their presence in the

intestinal mucosa and Peyer’s patch lymphond txssuc The nanopamcles used in this study hada
particle size of 150 ¥ 48.5 nm. Fluorescmt ‘microscopy revealed significant uptake of the
nanoparticles in the Peyer’s Patch lymphoid tissuc.

Example 23:

The use of the nanoparticles of the present invention as a drug delivery device for
vaccines has been demonstrated by studies in rats. Tetanus Toxoid loaded nanoparticles (15 Lf)
‘were prepared and subcutaneodsly injected in rats. The immune response, as measured by IgG,
pug/ml, was compired to the immune response in rats to which conventional Alum-Tetanus
Toxoid conjugate (Pasteur-Merieux through Us supplier, Connaugh; Laboratories, Inc.,
SMM, PA; S L) had been subcutaneously administered. The results are shown on Fig. 21
which is a graphic representation of the immune response, as measure by IgG, pg/ml, at 21

days post-immunization and 30 days post-immunization.
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The immune response in the short-term was virtually identiénl. The nanoparticles
continue to release Tetanus Tc;xoid for 30 days, thus prolonging the serisitimtion-cxposuré
penod and enhancing the long term immune response. Furthell, the results demonstrated that
the immunogenicity of Tetanus Toxoid is not adversely affected b& the nanoparticle fo?mulaxion
procedures.

'As demonstrated above, the nanoparticles of the present invention can be adapted for
oral administration, as well as intravascular or subcutaneous administration, for sustained
release of drugs or vaccines or used as an imt;tunologidnl adjuvant for immun@m. Vaccines,
as well as gene Lhmpy for the paraintestinal lymphoid system, can be orally administered.

In addition to the foregoing, nanopahicles suitable for vaccination can be administc;'ed
via the following routes: intramuscular, subcutaneous, oral, nasal, intmperiton_mi, rectal, and

()  Gene Therapy |

The nanoparticles can be used to deliver g'ex;etic material in a targeted manner. In this _
application, the nanoparticles can be formulated .for administration via the oral route or the

mucous membrane. The nanoparticles are capable of sustained administration of gene therapy,

particularly to the lymphoid system surrounding the ileum as described hereinabove.

However, nanoparticles containing genetic material can also be devised and targeted for

site-specific delivery to other cells or tissue types by injection and/or implantation. Also

specifically contemplated are genetic material suitable for the DNA or anti-sense treatment of
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mxﬂiovaséular disease, including platelet-derived growth factor, transforming growth factors,
alpha and beta, fibroblast growth factors (acidic and basnc), angiotensin II, hepann -binding
epidermal growth factor-hkc molecules Imexleuhn— 1, alpha and beta, lmerleuhn-6 insulin-
like gmwth factors, oncogenes (c-myb c-myo, fos, and others), proliferating cell nuclear
antigen, cell adhesion molecules (intracellular adhesion molecules, vascular cell adhesion
molecules, and othci's), and platelet surfac?ﬁtigms I /IIIa and others).

In lanothcr illﬁsn'ative embodimcm, the nanoparticles of the present invention may be
used as a ﬁcr for nucleic acids, such as an osteotropic gene or gene segment. The

nanoparticles have the capability of transferring nucleic acids into bone cells and tissues for

‘promoting bone growth and lﬁgcnemtion. In one specific embodiment, an osteotropic gene or

. Bene segment is transferred into bone progenitor cells to stimulate progenitor cells and promote

increased bone formation. The DNA-carrying nanoparﬁcles'may be injected to the ;izc, which
may be bone or skeletal connective tissues, such as tendons, cartilage, and ligaments. Specific
examples include bone morphogenic proteins (BM?2 aﬁd 4 and others), transforming growth
factor, such as TGF-B1-3, activin, phosphoproteins, osteonectin, osteopontin, bone sialoprotein,
osteocalcin and other vitamin-k dependent proteins, glycoproteins, such as aggrecan, glycan,
and others, and collagen (1, II, and others). Further specific examples are described m co~
pending US patu.:t application numbers 08/199,780 filed on February 18, 1994 and 08/316,650
filed on September 30, 1994, assigned to the assignee hereof, the disclosures of vahich are

incorporated by reference herein.
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Regulatory factors involved in bone repair are known to include systemic hormones,
cytokines, growth factors, and other molecules that rcgulate growth and differcntiaﬁbn Various
osteoinductive agents have been punﬁed and shown to be polypcpndc growth- factor—hk:
molecules. These sumulatory factors are refcrred to as bone morphogcnctxc or morphogemc
proteins (BMPS), and have a]so been tcrmcd osteogcmc bone mducnve protems or osteogenic
protcms (OPs). . Several BMP genes have now ‘been cloned and the common dcsxgnauons are
BMP-1 through BMP- 8. |

BMPs 2-8 are gcncxally thought to be osteogenic, although BMP-1 is a more generalized
morphogen (Shimell, e al., 1991). BMP-3 is also called osteogenin (Luytcn e: al., 1989) and
BMP-7 is also called OP-1 (Ozkaynak, er al., 1990) BMPs are related to, or part of, the
t;an;forming growfh factor-8 (TGF-8) superfamily, ;nd both TGF-81 and TGF-£2 also
regulates osteoblast funcu'or'| (Seitz, er al., 1992 chcﬁl B;»{P (ér OP) nucleotide sequences
and polypcpufde;s have been described in US Patents, e.g., 4,795,804; 4,877,864; 4,968,550;_
5,108,753; including specifically BMP-1 disclosed in S ,108,922; BMP-2A in 5,166,058 and

5,103,649; BMP-2B in 5,013, 649; BMP-3 in 5,116,738; BMP-5 in 5,106,748; BMP-6 in

5,187,076; BMP-7 in 5,108,753, and 5,141,905; and OP-1, COP-5 and COP-7 in 5,011,691.

In addition, an article by Wozny, ef al. is incorporated herein by reference to describe BMP
molecular clones and their activities. The cited literature, including the patent literature

specifically, also teaches how to prepare an.osteotropic gene segment or CONA.
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Other growth factors or iaormoné; that have been reported to have qpécity o -stimulatc
new bone formation mclude acidic fibroblast growth factor, estrogen, macrophage colony
sumulatmg factor, and calcium regulatory agents such as parathyroid hormonc The use of
bone snmulaung proteins and polypcpudcs particularly recombinant BMPs. has also been
mvesngaxed. -

In the mstant invention, nucleic acid segmients are ﬁamfcrred into boné progenitor cells
or tissues at the site in vivo. The nucleic acxd segment may be DNA (double or single-stranded)
or RNA (e.g., mRNA, tRﬁA, rRNA).; it may be a "coding segment”, and antisense nucleic acid
molecule. Thus, thc nucleic acid segments may be genomic sequences, including exons and
mtrons alone or together, or coding cDNA regions, or in fact a:]y construct that one desires to

transfer to a bone progehitor cell and virtually any form, such as naked DNA or RNA,

- including linear nucleic acid molecules and plasmids, or as a functional mscrt within the

genomes of various recombinant viruses, including viruses with DNA genomes and retrpviruses.
The invention may be employed to promote expression of a desired gc"nc in bone cells or
tissues and to 1mpart a parucular desired phcnotype to the cells. This expression could be

mcmsed expression of a gene that is normally expressed , or it could be used to expttss a gene

that is not normally associated w:th bone progenitor cells in their natural envmmmmt

Altematively, the invention may be used to suppress the expression of a gene that is naturally

expressed in such cells and tissues, and again, to change or alter the phenotype. Gene
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suﬁpression may be a way of cxpr_cssihg a gene that encodes a protein that exerts a down-
regulatory function, or it may uti_lin‘: antisense technology. ‘ |

An osteotropic gene isa géne or DNA'coding region that encodes a protein, pdlypcp;idc.
or peptide that is capable of promoting, or gssisting in the bromoﬁon of, bone formation, or one
that increase the rate of primary bone growth or healing. In.addition, an osteotropic geﬁc may
be capable of stimulating the growth or regeneration of skeletal connective tissues, such as
tendon, cartilage, and ligament. Bone pmgautm’ cells refer to any or all of those cells that |
have the capacity to ultimately form, or contribute to the formation of, new bone tissue. They

specifically include various cells in different stages of differentiation, such as stem cell,

. macrophages, fibroblasts, vascular cells, osteoblast, chondroblasts, osteoclasts, and the like.

Osteotropic genes and the pmtnns that they encode include, for example, systemic hormones,
such as parathyroidAhonnone (PTH) and estrogen; many different growth factors and cytokines;
chemotactic 01; adhesive peptides or polypeptides; molecules such as activin (US Patent No.
5,208,219, incorporated herein by reference), specific bone morphogenetic émteins (ﬁMPs); |
Examples of suitable ostaotmpm gmwth factors include the transforming growth factor
(TGF) family; specifically TGFs 14, and particularly TGF-a, TGF-81, TGF-82 (US Patent
Nos. §,168,051; 4,886,747; and ‘4,742.033, each ina_)rponted herein by reference); and
fibroblast growth factors (FGF), such as acidic FGF and kFGF; granulocyte/macrophage colony

stimulating factors (GMCSF); epidermal growth factor (EGF); platelet derived growth factor
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(PDGPF); insulin-lilgc growth factors (IGF), includiﬁg IGF-I and IGF-II; and leukemia inhibitory
factor (LIF), also known as HILDA and DIA.

Preferred osteotropié genes and DNA segments are those of the TGF superfamily, such
as TGF-a, TGF-81, TGF-82, and the members of the BMP family of genﬁ. Of course, the

original source of a recombinant gene or DNA segment need not be of the same species as the

~animal to be treated. In this regard, it is contemplated that any recombinant PTH, TGF, or

BMP gene may be employed, such as- those from human, mouse, and bovine sources. Gene and

.DNA segment refer to a DNA molecule that has been isolated free of total genomic DNA of the

_ species from which it was obtained. Included within the term DNA segment are DNA segments

and smaller fragments of such segments, and also recombinant vectors, including for example,
phsmids, cosmids, phage, retroviruses, adenoviruses, and the like. |
The nanoparticles of the present invention may comprise one or more osteotropic genes

or nucleic acid segments, in combination, or in combination with other proteins, peptides, or

. pharmaceutically active agents, and/or surface modifying agents.

Exampic 24: -

In a specific embodiment illustrating use of nanéinnicls of the preseﬁt invention forr
delivery of DNA, or DNA fragments, luciferase marker DNA was incorporated into PLGA
nanoparticles in accordance with the principles of the invéntion.

Cos cells (mouse lddney ¢pithelium) were transfected in ﬁtm using the pGL2 plasmid

expression vector which encodes luciferase. A standard transfection protocol was.used. In
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bricf', COS cells plated the day before were exposed to DNA (luciferase, Promega, Los
Angeles, CA) for 2.:5 hours in a standard cell culnn'evmed_ium, which medium lacked serum.
The cells were washed and then cultured in a medium with 10% serum supplementation for 60
additional hours.

In an experiment designed to evaluate the sustafned release of DNA,' 20 mg of plasmid
DNA was complexed with DEAE-dextran and compared to DNA enclosed in PLGA
nanopaniclw at a concentration of either 10 ug/ml or 20 ug/ml.

In ordcr to make' nanoparticles, PLGA (90 mg) was dissolved in 3 ml chioroform.

Nuclease-free BSA (30 mg) and DNA (2 mg) were dissolved in 300 ul nuclease-free Tris -

'EDTA which is Tris buffer (Tris(hydroxymethyl)aminomethane; 10 mM, pH 7.4) containing

0.1 mM EDTA. The DNA-containing. solution was emulsified with the PLGA polymer solution |
by sonication over an. ice bath for 8 minutes using a microtip probe sonicator at 55 Watts of
energy output. The resulting water-in-oil emulsion was further emulsified -into 25 ml of 2%
Q/v PVA (M Wt. 30-70 K) solution in Tris-ED'i‘A buffer saturated ﬁm chloroform using the
sonicator probe at 55 Watts, The result was a water-in-oil-water emulsion. The water-in-oil
water emulsion was stirred for 18 hours with a magtietic stirrer in an open -comainc;, and then
for 2 additional hours under vacuum to completely evaporate the organic solvent.
Nanoparticles, thus formed, were recovered by ultracentrifugation, washed three times with
Tris-EDTA buffer, and lyophilized for 48 hours. The resuiting nanoparticles were stored

desiccated.
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Since DNA is water-soluble, it is entrapped by the emulsion procedure and distributed
throughout the polymer matrix. Targeting of DNA-containing nanoparticles can be
accomplished as described hereinabove with appropriate surfacc modifying agents, such as
ferritin, antibodies which are specific to target ceils,‘ marker proteins fbr receptors on targef
cells, or the provision of a characteristic lipid coating, among others.

It should be noted specxﬁally, ‘that the Tris-EDTA buffer used in this specific
illustrative embodiment, has antinuclease properties which prevent DNA breakdown dun'ng
Mg. In addition to Tris-EDTA, any other buffer or.combinaﬁon of buffers containing a

calcium complexing or chelating agent, such as dithizone, nitrolotriacetic acid, citrates, '

 oxalates, tartrates, and dxmcmprol is suitable for use in the practice of the invention.

Calcium is a necessary cofactor in the breakdown of DNA with nuclmscs, thercfon: calcium
complexing agents which competitively remove calcium ions mitigate against the loss of DNA

by this mechanism. In addition to the use of calcium complexing buffers, certain proteins, such

as histones, protamine or polylysine, bind nuclease and thereby block its damaging effect on the -

DNA. It is aiso advantageous to conduct the entire hanoparticlc_pmduction procedure in a
nuclease-free environment, such as by using nuclease-free reagents, such as nuclease-free serum
Luciferase activity of the nanoparticles was determined by a substrate utilization assay

using a commercially available kit (Luciferase Assay System, Promega, Los Angeles, CA)

substantially according to the protocol supplied by the manufacturer.. In brief, cells were
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'homogenized in 2 ml buffer (50 mM Tris acetate, pH 7.4, 1| mM EDTA, 1 mM dithiothreitol,
10% glycerol, 1 mg/ml BSA).- Immediagely thereafter, 0.5 ml of cell culture lysis reagent

(Promega) was added to the homogenate, mixed well, and incubated at room temperature for 10

" minutes. To measure background activity (counts per minute, CPM), 100 ul of clarified

homogenate was added to a clean microcentrifuge tube and luciferase activity was determined
by scintillation counting for 1 minute at room temperature (1219 RackBeta Scintillation counter,
LKB, supplied through Wallace, Inc., Gaithersburg, MD, all channels open). The same _
procedure was used to measure background CPM of 1 ml luciferase substrate stock solution.
Once background activity was determined, homogenate and subm;e were mixed and counted '.
immediately. Enzyme activity values were normalized to m of total protein.

The results are shown graphically in Fig. 22~'which is a. plot of luciferase activity as
CPM/ug protein for each specimen. The total amount of DNA ooﬁtained in each batch of . |
nanoparticlés was considerably less than the coﬁtxfol comparison for this experiment. Thus, the
group desiénated PLGA-10 DNA contained 40 ng of DNA total and the group designated
PLGA-20 DNA contained 80 ng of DNA. Furthermore, the sustained release of all the DNA
from the nanoparticies would have actually occurred after 30 days as shown in the in vifro
release studies conducted with the model protein, BSA. Thus, the 2.5 hours exposure to the
nanoparticles éoﬁstimm a severe test of the efficacy of the ‘nanoparticles since only nlinuté
amounts of DNA were released. Nevertheless, Fig. 22 shows significant expression above

background of luciferase in three of the four DNA-containing nanoparticle gmups.
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In a still further illustrative embodiment of the invention, a method of making
nanoparticles has been developed which does not use sonification. It has been discovered that -
sonication may damage genetic material. The dainaging effect is magnified with larger genes.

Thcreforc, a technique has been deveioped using an excess of organic\ solvents, such as DMSO

or chloroform, and a detergent to obtain nanoparticles without the use of sonification.

Example 25: o | ,
In a specific illustrative embodiment, DNA (luciferase, 2 mg) and nuclease-free BSA 30

mg) are dissolved in 300 ul Tris-EDTA buffer to form an aqueous' phase. The aqueous phase is

“homogenized into a PLGA polymer solution dissolved in chloroform (90 mg PLGA in 3 ml

A chloroform) containing 1% w/v Span-20 to form a water-in-oil emulsion. The pnmary

emulsion is further emulsified byhomogenintion for 30 minutes into a 2% w/v solution of
PVA in nuclease-free Tris-ED;I‘A buffer which has been saturated with chioroform. The result -
is a multiple emulsion, or a wéter—in-oil-in—wa!cr emulsion. ‘The organic solv-c'nt is evaporated |
at room temperature by stirring, uncovered, over a magnetic stirring plate for 18 hours. Then,
a vacuum is applied for an additional 2 hours. The multi'ng\ nanoparticles are recovered by
ultracentrifugation, washed three times with Tris-EDTA buffer and lyophilized. .
Nahbparﬁcla which include osteotropic genes and/or other materials to stimulate bone

growth, may be advantageously suspending in a gelling medium which is applied to the siu.-.'of

need. The nanoparticles, which may be in a gelling medium, may also be intimately mixed
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with another material, specifically a bone ﬁllcr, suchras bone cement, dental adhesives,
hydroxyapatite, and bone ceramics, to hold the nanoparticles at the site of application. h
Although the invention has been disclosed in terms of biodegradable polymers, in the
specific embodiment directed to therapy to facilitate bone growth, nanoparticles which are, at
least in part, insoluble and noq-degradablc are contemplated. Such nanoparticles could contain - -
insoluble calduh phosphé.tc crystalline mineral components, for example, to render them
osteoconductive, i.e., capable of facilitating new mineral fbnnatiqn. " Such insoluble
nanoparticles would be integrated into the renewed bone structure. Specifically included are all
calcium phosphate mmeral phases, including octacalcium phosphate, amorphous ¢aicium ’
phosphate, tricalcium phospﬁa!e, carbonate-apatite, and fluorapatites, as well as ceramics of all
of the aforementioned. Fuﬁhcr, calcium bisphosphonates, or other crystalline salts or free acids

or mono-, bis- or polyphosphonates, would be useful as fillers and surface modifying agents.

~ Synergistic combinations include ferric or aluminum salts of bisphosphonates.

- In addition ‘to the foregoing, it is to be understood that the nanoparticles of the present |
inventidn Md find widespread applicaﬁon in the delivery of bioactive agents in general. The .
purpose of the delivery of bioactive agents may range from therapeutic to diagnostic (imaging
agents), to cosmetic or nutritional. Nanopartide—based delivery of gene therapy is expected to
improve transfection of DNA over 2 prolonged period of time.

Although the invention has been described in terms of specific embodiments and

applications, persons skilled in the art can, in light of this teaching, generate additional.
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embodxments without excwdmg the scopc or dcpartmg from the spirit of the claxmed mvenuon.
Accordmgly, it is to be understood that the drawmg and description in thxs disclosure are
proffered to facilitate comprehcnsxon of the invention, and should not be construed to limit Lhc

scope thereof.
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- What is claimed is:
Composition
1. A sustained release dosage form comprising:

nanoparticlé cdmprising a biocompatible, biodegradable polymer core having an average
diameter of less than about 300 nm, the nanoparticles having associated or incorporated
therewith at least one bioactive agent and/or at least one surface modifying agent. |

2. The‘sustained release dosage form of claim 1 wherein the average diameter of the
naﬁoparticles is in the range of about 100-150 nm. _ |

3. The sustained release dosage form of claim 1 wherein the average diameter of the
nanoparticles is in the range of ‘about 10-50 nm. |

4, - 'fhc sustained release dosage form of claim 1 wherein the biocompatible,

- .biodegradable polymer is a synthetic polymer.

s, The sustained _rclgse dosage form of claim 4 wherein the biocompatible,
biod?gmdable polymer is a sym.h:etic polymer selected from the group consisting of
polyesters, poiyethm, polyanhydrides, polyalk}lcyamﬁ:rylatcs, polyacrylamides, |
poly(orthoesters), polyphosphazenes, polyamino acids, Qnd biodegradable poiyurethanes.

6. The sustained dosage release form of claim 5 wherein the biccompatible, |
biodegradabie polymer is a polyester scleéted from the group consisting of polylactides,

polyglycolides, and polyiactic polyglycolic copolymers.
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The sustained release dosage form of claim 6 wherein the biocompatibie,
. biodegradable polymer is a polylactic polyglycolic copolymer. |

The sustaineﬂ dosage rclase form of claim 6 wherein the biocompatible,
bxodegradable polymer is a polyether selected from-the group oonsxstmg of hydroxy- ~
‘terminated poly (e-aprolactone)—polycthcr or polywprolactone

The sustained release dosage form of claim 8 wherein the mlyeﬁu isa -
polycaprolactone which is ep&xy-deﬁvaﬁud and activated.

The sustained release dosage form of claim | wherein the biocompatible,
biodegradable pt'ilymer isa natuﬁlly—dcrived polymer,

The sustained. release dosage form of claim 10 wherein the biooompatiblc;
blodcgradable polymer is a natumlly—dcnved polymer selected from the group conslstmg
of acacia, chitosan, gelatin, dcxtrans, albumins, and algmates/starch

The sustained release dosage form of claim 1 wherein the bicactive agent is at
least one phaﬁnawuﬁml agent. ,

The sustained release dosage form of claim 11 wherein the at least one
pharm'awutid agcnf is a cardiovascular agent.

;rhe sustained release dosage form of claim 13 wherein the cardiovascular agent
is selected from the group consisting of stimulatprs, inhibitors, antithrombins, calcium
channel blockers, antitensin converting enzyme (ACE) inhibitors, immunosuppressants,

ﬁsf\ oils, growth factor antagonists, cytoskeletal inhibitors, antiinflammatory agents,



WO 96/20698 ‘ PCT/US96/00476

15.
16.
17.

18.

19.
20.

21.

-124-

ihrombolytic agents, antiprblifcraxives, genetic material suitable for the DNA or anti-

sense tnnimem of cardiovascular disease, pfo(cin kinaﬁc inhibitors, smooth muscle

- migration and/or contraction inhibitors, and nitric 6xide-relming compounds. -

 The sustained release dosage form of claim 14 wherein the cardiovascular agent
is a cytoskeletal inhibitor.
The sustained nﬁlcase dosage form of claim .15 wherein the cytoskeletal agent is
cytochalasin B.
The sustained release dosage form of claim 12 wherein the bicactive agent is an
anticancer agent. |

The sustained release dosage form of claim 17 wherein the anticancer agent is

selected from tﬁe group consisting of alkylating agents, antimetabolites, natunl‘ products

(e.g., alhloids), 'toxins, antibiotics, enzymes, biological response modifiers,
mmm, antagonists, and genetic material suitable for the treatment of cancer.
The sustained mlusc dosage form“bf claim le wherein the bioactive agent is a
peptide or pro(em—based vaccine. |
| The sustained release dosage form of claim 19 wherein the protein-based vaccine
is Tmnu;;-Toxoid. | | — |
The sustained relegse dosage form of claim 12 wherein the bioactive age?u‘is a

nucleic acid.
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The sustained release dosage form of claim 21 wherein the nucleic acid is DNA,
RNA, or an oligonucleotide (sense or antisense) of DNA or RNA.

Thc sustained release dosage form of claim 22 wherein the nﬁclcic acid is an
osteotropic gene or gene segment, or oligonucleotide.

The sﬁstzu’ned release dosage form of claim 23 wherein the osteotropic gene or

gene segment is selected from the group consisting of bone morphogenic proteins (BMP2

i and 4 and others), aansfoﬁning growth factor, sxich as TGF-81-3, activin,

phosphoproteins, osteonectin, osteopontin, bone sialoprotein, osteocalcin, vitamin-k
dependent proteins, glycoproteins, and collagen (at least I and II). ‘

The sustained release dosage form of ciaim 22 further including at least one
os@eonducﬁve'salt. |

The sustained reiease dosage form of claim 22 wherein the nucleic acid is suitable
for the DNA 6r anti—suxs;c treatment of drdiovascular disése and is selected from the
group consisting of platelet-derived growth factor, ﬁ;ansforming growth factors (alpha
and beta), fibroblast growth factors (acidic and basic), angiotensin 11, heparin-binding -
epidermal growth factor-like molecuies, Interieukin-1 (alpha and beta), Interleukin-6,
insulin-like growth fa;:tors;, oncogenes, prélifemling cell nuclear ‘antigen, cell adhesion
molecules, and platelet surface antigens. .

The sustained release dosage form of claim 22 wherein the nucleic acid is an

anticancer gene selected from the group consisting of tumor suppressor genes, cytokine-
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producing genes, tumor necrosis factor a-cDNA, circinoembryonic antigen gene,

lyphokine gene, toxin-mediated gene therapy, and antisense RNA of E6 and E7 genes.

The sustained release dosage form of claim 21 further including a protein to

block nuclease activity.

The sustained relasc dosage form of claim 1 wherein the surface modxfymg

agent is selected from the group consisting of one or more syntheuc polymers,

(b;opolymers; low molecular weight oligomers, natural products, and surfactants.

The sustained relcase dosage form of claim 31 wherein the surface modifying
agent is a synthctic polymer selected from the group consisﬁxﬁ of mrboxymcthyl
cellulose, ce.llulosc cellulose acetate, cellulose phthahte polyethylcnc glycol, polyvinyl
alcohol, hydroxypropyimethyl cellulose phthalate, hydroxypropyl cellulose, sodium or
calcium salts of carboxymethyl cellulose, noncrystalline cellulosc polaxomers,
poloxammn dextrans, DEAE-dextran, polyvmyl pyrohdonc polystyrcnc and silicates.

- The sustained release dosage form of claim 29 wherein the surface modifying |
agent is a natural product selected from the group eonsistipg of proteins, peptides, sugar-
éontaining compounds, and lxp:d.s

The sustained release dosage form of claim 31 wherein the natural productiisa
peptide/protein sclected from the group consisting of acacia, gelatin, case';n, albumins,

myoglobins, hemogiobins, and fibrinogens.

J
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The sustained release ’d;JSagc form of claim 31 wherein the natural product is a
sugar-containing compound selected from the grobp consisting of tragacanth, so(rbitol,
mannitol, polysaccharides, and pectin. |

The sustained release dosage form of clajm 31 wherein the natural product is a

lipid selected from the gmup conslsnng of lecxthm phosphohplds, cholesterol, becswax

wool fat, sulfonated oils; and rosin soap

The sustained release dosage form of claim 29 wherein the surface modifyir;g
agent is a surfactant sclected from the group consisting of non-ionic, anionic, and
cationic surfactants.

The sustained release dosage form of claim 35 wherein the surface modifying

agent is a non-ionic surfactant selected ﬁom the group consisting of polyoxyethylene

sorbxtan fatty acid esters, sorbnnn fatty acxd esters, fatty alcohols, alkyl aryl polycthcr '
sulfonates, and dxoctyl ester of sodium sulfonsuccxmc acid.

The sustained release dosagc form of claim 35 wherein the surface modifying
agent is an‘anionic surﬁctam selected from the group consisting of sodium dodecyl
sulfate, sodium and poxasswm salts of fatty amds, polyoxyl stearate, polyyoxylethylene
lauryl ether, sorbitan sesquioleate, mcthanolaxmnc, fatty acids, and glycerol esters of
fatty acids.

The sustained release dosage form of claim 35 wherein the surface modifying ‘

agent is a cationic surfactant selected from the group consisting of didodecyldimethyl
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-

ammonium bromide, cetyl trimethyl ammonium bromide, benzalkonium chloride,

~ hexadecyl trimethyl ammonium chloride, dimcthyldodecylaminopropane, N—cctyl‘-N-cxhy!

morpholiniufn _ethosixlfatc.

The sustained release dosage form of claim | further including a suspending
medium. ‘ )
| The sustainéd release dosage form of claim 39 wherein the suspending medium is
selected from the group consisting of distilled water, normal saline, triglycerides,
physiologic Suffem, serum or serum/plasma protein constituents, and tissue éulturt
media. |

The sustained release dosage form of claim 39 wherein the suspending medium
gels after awliﬁﬁon to the region of injection. -

The sustained release do_sagé form of claim 41 wherein the suspending medium
which gels i; selected from the group consisting of poloxamers, Tyées I and II collagen
or prbcoilagm, hydrogels, cyanoacrylates, and fibrin glue.

The sustained release dosage form of claim 41 in intimate combination with a )
bﬁnq filler selected frpm the group consisting of bone cement, dcﬁta.l adhesive, :
hydmxyapaﬁtc, and bone ceramics.

The sustained release dosage fonﬁ of claim 1 further including an encapsulation

for the nanoparticles.
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Methods of Making
hydrophobic agents
45. A method of making a sustained release drug delivery system for hydrophobic

bioactive agents comprising the steps of:
(a)  dissolving at least one biocompatible, biodegradable polymer in an organic
-'solvent; |

(b)  dissolving 'the bicactive agent(s) in an organic solvent, the combined polymer and
bioactive égr;nt—containing solutions comprising an organic phase;

| (c)  adding the organic phase to an aqueous phase;

(d)  sonicating the combined organic phase and the aqueous solution at a temperature
below the melting point of tﬁc polymci; énd at an energy sufficient to form a stable emulsion;

(c) evaporating the organic solvent from the stable cm;nlsion; and |

(49) separating f\:sulting nanoparticles from the remaining aqueous phase

46. The xﬁethod of claim 45 wherein the aqueous phase is an aqueous solution of an
cmuls:fymg agent. | ' | .
47, ) The method of claim 46 wherein agueous soluuon of an emulsifying agem ha

about 0.1% to 10% w/v emulsnfymg agent, and preferably about 1% to 3% w/v

emulsifying agent.
48. The method of claim 45 wherein the emulsifying agent is selected from the group

consisting of polyvinyl alcohol, polyoxyethylene sorbitan fatty acid esters, polyethyiene



49.

50.

s1.
52.
53.
54.

55.

WO 9620698 ‘ PCT/US96/00476

-130-

glycols, triethanolamine fatty acid esters, sodium and potassium salts of fatty acids,

sodium lauryl sulphate cellulose acetate, polaxomers, and quaternary ammonium

- compounds.

The method of claim 45 comprising the further step of lyophilizing the
nanoparticles. ;
.-The method of claim 49 wherein the lyophilizing step cbmfariscs subjecting the

nanoparticles to temperatures on the order of -30° C to -55° C in a vacuum of 500

. millitorr or less for at least 24-48 hours.

The method of claim 49 further comprising the step of sterilizing the
qanoparticies. _

The method of claim 51 th}ein the step of sterilizing eomprises; subjecting the
momﬁcla to a sterilizing radiation. .

The method of claim 45 wherein, in the step of sonicating, the energy sufficient
to form a stable emulsion is in the range of 35-65 Watts, '

The method of claim 49 funhérA comprising the step of modifying the surface of

the resulting nanoparticles.

. The method of claim 54 wherein the step of modifying the surface of the

resulting nanoparticles comprises adsorbing at least one surface modifying agent to the

" nanoparticles,
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The method of claim 55 wherein the step of adsorbing comprises the steps of
suspending the nanoparticles in a solution of the at least one surface modifying agent and
freeze-drying the suspension to produce a coating on the nanoparticles.

The method of claim 56 wherein the step of freeze-drying comprises lyophilizing

- the nanoparticles in a lyophilizer at -30° C to -55° C in a vacuum of 500 millitorr or

less for at least 24 to 48 hours.

The method of claim 54 wherein the step of modifying the surface compds;cs
epoxy-derivatization. |

The method of clﬁm 58 wherein epoxy-dcrivatizazion_ comprises the steps of
pam'élly hydrolyzing the hanoparticles 10 create reactive groups on the surface; and

contacting the hydrolyzed nanoparticles with a reactive multifunctional epoxide to form

_ epoxy-activated nanoparticles.

The method of claim 59 wherein the reactive groups are amino, anhydrides,
carboxyl, hydroxyl, phenol, or sulfhydryl.

The method of claim S8 wherein the reactive multifunctional epoxide is selected

from the group consisting of 1,2-epoxides, !,2-propylene oxides, butane and ethane di-

glycidyl ethers, erythritol anhydride, polyfunctional polyglycerol polyglycidyl ethers, and

epichlorhydrin.
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62. | The méthod of claim 59 comprising the further step of reacting the epoxy-
activated nanopam'cles with reactive groups on one or more bioactive agents and/or
- surface modifying agents.
63. The method of claim 54 wherein the at least one surface modifying agent is
| selected from the group consisting of one or more syﬁthétic polymers, biopolymers, low
molecular weight oligomers, natural products, and su'r_factan&

64. The method of claim 54 wherein the step of modifying the 'surt:ace corr-lbriscs
incorponiting the at least one surface modifﬁng agent in the polymer matnx '

65. , _ The method of élaim 64 \;rhcrein the step of ineoxiaoming the at least oﬁe surface
lﬁodifying agent in the polymer matrix comprises using at least one biodegradable,
biooompatible polymer in the organic phasc which has a surface modifying property.

66. 'nle method of claim 65 wherein the biodegradable, biocompatible polyrher is an

cpoxy-derivaﬁud and activated polycaprolactone.

- 67. . The method of claim 65 wherein the biodegradable, biocompatible polymer is a
cyanoacrylate.
hydrophilic agents
68. A method of making a suétained release drug delivery system for hydrophilic

bioactive agents comprising the steps of:

“(a) dissolving a biodegradable, biocompatible polymer in a nonpolar organic solvent;
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(b)  dissolving hydrophilic bicactive agent(s) in a semipolar organic solvent or a

combination of a polar and semipolar solvent, the combined polymer and bioactive agent-

containing solutions comprising an organic phase;

(c) adding the organic phase to an aqueous phase;

(d)  sonicating the combined organic phase and the aqueous solution at a temperature

below the melting point of the polymer and at an energy sufficient to form a stable emulsion;

0.

71. .

(e) evaporating the organic solvent from the sﬁble cmulsion;- and
(f) separating resu];idg nanoparticles the_ r?:m;ining aqueous phase.
The method of claim 68 whcrein. the aqueous phase is an aqueous solution of an
emulsifying agent. | | _ |
. The method of claim 68 whércin the organic phasc'furthcr includes an agent to
favér partitioning of the hydrophilic bioactive agent into the organic phase upon
solidiﬁdtion of the resulting t;anopanicles.
"The mcihod of claim 70 wherein the agent to favor partitioning is selected from
the group of covalent complexing aémts, pH adjﬁsting ager;ts,' lipids, and viscosity
The method of claim 71 wherein the agent to ﬁvor partitioning is a covalent
complexing agent which is a fatty acid salt.
The method of c_:laim 71 wherein the agent to favor partitioning is a cationic or

anionic lipid.
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The method of claim 71 wherein the agent to favor partitioning is a multivalent,

'polymtioni; agent.

§ _
The method of claim 69 an the nonpolar organic solvent is selected from the ‘

group consisting of methylene chloridc, chlofoform, ethyl acetate, tetrahydrofuran,

- hexafluoroisopropanol, and hexafluoroacetone sesquihydrate.

The method of claim 69 wherein the semipolar orginic solvent is selected from

the group éonsisting of dim'ethylacetamide, dimethylsulfoxide, dimethylformamide,

dioxa:ic, and acetone.

The method of claim 69 éompﬁsing the further step of lyophilizing ﬁe
nanoparticles. |

The method of claim 77 wherein the lyophilizing step compﬁses subjecting the
nanoparticles to -60° C under 1’00 millitorr vacuum for 48 hours.

The method of claim 77 further comprising the step of sterilizing the

_ hanoparticles.

The method of claim 79 wherein the step of sterilizing compnscs subjecting thc'
nanoparticles to a sterilizing radiation. | '
The method of claim 69 wherein, in the step of sonicating, the energy sufficient |
form a stable emulsion is in the range of 35-65 Watts. - |
The method of claim 77 comprising the furihcr step of modifying the surface of

the resulting nanoparticles.
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83. The mcthod of claim 82 wherein the step of modifying the surfacc of the
resulting nanoparuclcs comprises adsorbmg at least one surface modxfymg agent to the |
nanoparticles.

84, ' The mcthqd of claim 83 wherein the step of adsorbing comprises the steps of
_suspending the nanoparticles in a solution of the at least one surface modifying agém and

" freeze-drying the suspension to produce 2 coating on the nanopérticlcs.

85. The method of claim 82 wherein the step of modifying the surface comprises
epoxy-derivaﬁntion '

86. The method of claim 85 compnsmg the further Step of reacting the cpoxy-
| activated nanopamclcs thh reactive groups on one or more bioactive agents or surface
modifying _agents, which reactive groups may be amino, anhydrides, carboxyl, hydroxyl,
phenol, or sulfhydryf. |
8. A “The mﬁhod of claim 82 wherein the step of modifying the surface céhpﬁxs
incorporating the at least one surface modifying aécm in the polymer matrix.
Protein/Peptide Agents |
88. K A method of makmg a sustained release drug dchvcry system for water-soluble
| pmtexn/pepnde—eontaxmng bioactive agents compnsmg the steps of:
(a) dissolving the water-soluble protein/peptide-containing bioactive agent in an
- agueous so_luu’on to form a first aqueous phas;;

(b)  dissolving the polymer in a nonpolar organic soivent;
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(c)  adding the first aqueous phase to the organic polymer solution to form a primary

emulsion;

(d)  emulsifying the primary emulsion into an 2aqueous solution of an emulsifying

agent to form a water-in-oil-in-water emulsion;

89.

91.

92.

(e) évapomting the organic solvent from the water-in—oil-ih-watcr emulsion; and
4] separating resulting nanoparticles tpc rcmaining aqueous phase. |

The method of claim 88 comprising the further step of lyophilizing the
nanoparticies.

The meﬁthodvof claim 88 wherein step (c) comprises sonimﬁng the protein-
coﬁtzining aqueous solution and the mc solution with energy sufficient to férm a
stable primary emulsion.

The method of claim 88 wheﬁ_éin the aqueous solution of an emulsifying agent is
an aqueous solution of an emuisifying agent for making water-in-oil emulsions selected
from the group wnﬁﬁg of sorbitan esters of fatty acids, fatty alcohols, fatty acids, and
glycerol esters of farty acids. | ‘

The method of claim 88 wherein the aqueous solution of an einulsifying agent is
an aqueous solution of an emulsifying agent for makihg oil-';n-watcr emulsions selected
from the group oonsisn‘ﬁg of polyoxyéthylcnc ethers of fatty alcohols, polyoxyl fatry acid

esters, polyoxyethylene glycols of fatty acids.
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The method of claim 88 wherein the water-soluble protein-containing bicactive
agent is a nucleic acid selected from the group consisting of DNA, RNA, or an
oligonucleotide (scnsé or antisense) of DNA or RNA.

The method of claim 93 wherein the water-soluble protein-containing bioactive
agent is nuclease-free DNA.

The method of claim 94 wherein the aqueous solution is nuclease-free and/or
includes; a calcium complexing agent.

The method of claim 95 Wh;min the agueous solution is a buffer seiected from
the group of Tris-EDTA, dithizone, nitrolotriacetic acid, citrates, oxalates, tartrates, and
dimercaprol. | _

' \_Th.e.method of claim 93 further comprising the step of modifying the surface of
the resulting nanoparticles. |

The method of claim 89 wherein the step of modifying the surface of the
resulting nanoparticles comprises adsorbing at least one surface modifying agent to the
nanoparticles. ’

The method of claim 98 wherein the step of adsorbing comprises the stcps‘ of
suspending the nanoﬁa.rticles in a solution of the at least one surface modifying agent and
freeze-drying the suspension to produce a coating on the nanoparticles.

The method of claim 89 wherein the step of modifying the surface comprises

epoxy-derivatization.
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101, The method of clmm 89 cpoxy-dcnvauzanon compnses the steps of pamally |
hydrolyzmg the nanoparticles to create reactive groups on the surface; and contacting. -
the hydrolyzed nanoparticles with a reactive multifunctional epoxide to form epoxy-
activated nanoparticles.

102. The method of claim 101 comprising the further step of reacting u:é epoxy-
acﬁvawd nanoparticles with reactive groups on one or more bioactivc agents and/or
surface modifying agents. "

103. o The method of claim 89 wheféin the step of modifying the surface comprises
incorporating the at least one surface mpdifying agent in the polymer matrix.

Epoxy-Derivatization Method ,

104, A method of modlfymg the surface of a polymer of the type having a reactive end
group, the method comprising thc steps of:
contactmg the polymcr with 2 multifunctional epoxide compound in the presence of a

mtalyst to form an eponde—coupled polymer; and .
reacting the epoxxde-coupled polymer with a bioactive agent having at least one

functional group thereon which reacts with cpoxlde groups to covalently link the bloacuvc agent

| to the polym:r

105. The method of claim~104 wherein the polymer has at least one reactive end groﬁp |

'- selected from mé group consisting of amino, anhydrides, carboxy}, hydr;)xyl, phcnol, or

sulthydryl.
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The method of claim 105 whaﬁn the potymer is selected from the group
consisting of polyestérs, sﬁch as polylactide, polyglycolides, polylacticlpolyglycolic
copolymer, and polycaprolactone. A -

The method of claim 106 wherein the pol.ymcr is a poly-lactide-co-poly-glycolide.

The method of claim 104 wherein the polyfr:cr_ is at least partially hydrolyzed
prior t;) contacting the polymer with the multifxmi:tional epoxide compound.

The method of claim 104 wherein the epoxide compound is an epoxide, a
polyepoxide compounds, or an epoxy resin. - V

The m;:thod of claim 109 wherein the epoxide compound is selected ffom the

group consisting of 1,2-epoxides, 1,2-propylenc oxides, butane and ethane di-glycidy!

ethers, erythritol anhydride, polyfunctional polygiycerol polyglycidyl ethers, and

" epichlorhydrin.

The method of claim 104 wherein the catalyst is seiected from the group

consisting of tertiary amines, guanidine, imidazole, boron trifluoride adducts, such as _

- boron u'iﬂuorid&monoethylamine. trace metals, bisphosphonates, and ammonium

éompius of the type PhNH, + AsF,.
| The method of claim 104 wherein the catalyst is suitable’ for photoiniﬁétion.
The method of claimA 112 wherein the mﬁ]yst is selected from the group
consisting of titanium tetrachloride and ferrocene, zirconocene chloride, carbon

tetrabromides and iodoform. 111. (
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- 114, The mcthod of claim 104 wherein the bioactive agent has at least one reactive end
group sclected from the group consisting of amino, anhydrides, carboxyl, hydroxyl

phenol or sulfhydryl.

'Meumd of Making PCL-Embodiments
115. A method of making block copolymers having hydrophilic and hydrophobic |
segments, the method comprising the steps of:

(a) 4 dissolvix;g a first polymer-diol in an organic solvent;

(b) ‘adding a multifunctional epoxide in excess to the dissol§ed first polymer-diol so
that one ot" the epoxide groups °f. the multifunctional cpoxidc reacts with hydroxy! groups on the
ends of the first polymer-diol to form an epoxide end-capped first polymer (block A);

 (©  adding an excess of 2 second polymer-diol (block B) to the epoxide end-capped
first polymer block A to form a hydm;yl-t?minated BAB-type triblock copolymer.
116. . The method of claim 115 wherein there is provided the further step of expanding
the molecular weight of a polymer-dibl, prior to use in step (a), by reacting an excess of
" the polymer-diol with a polyfunctional epoxide.
117, The method of claim 115 whén:in the multifunctional epoxide is seleaedfrom the
. group consisting of 1,2-epoxides, 1,2-propyiene oxides, butane and ethane di-glycidyl
ethers, Wml anhydride, polyfunctional polyglycerol polyglycidy! ethers, and

epichlorhydrin.
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_ The method of claim 115 wherein the first polymer-diol is a hydrophobic
polymcr-diol.

The method of claim 118 wherein the hydrophobic polymer-diol is selectsd from
the group consisting of polycaprolactone, p;)lylactides, polyglycolides, and polylactic-
polyglycolic acid copolymer. ' |

' The method of claim 115 wherein the second polymer-diol is a hydrophilic
polymer-diol. A

The method of claim 120 wherein the hydrophilic polymer-diol is selected from
thc. group consisting of pdlyéthylcnc glycol, polaxomers, and poly(propylene oxide). ',

The Mw of claim 115 wherein the first polymer-diol is a hydrophilic polymer-
diol. | |

The method of claim 122 wherein the second polymer-diol is a hydrophobic -
polymer-diol. |

The method of claim 115 comprising the further step of reacting the BAB—type_
triblock copolymer with a multifunctional epoxide to form an epoxide end-capped BAB-
type triblock copolymer.

| The method of claim 124 comprising the fhnher step of reacting the epoxide end-
capped BAB-type triblock copolymer with a bioactive agent having at least one

functional group thereon which reacts with epoxide groups to covalently attach the

N bioactive agent to the epoxide end-capped BAB-type triblock copolymer.
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126. The method of claim 115 wherein steps (b) and (c) are repeated to form
multiblock copolymers. '
127. The method of claim 126 comprising the further step of reacting the multiblock

copolymer with a mulufunctlonal epoxxde o form an cpoxxde end-capped multiblock
polymcr
128. The method of claim 127 wherein the reactive multiblock polymer is washed or

reacted to block further epoxide reactivity.

Composition Chhm to Mutltiblock Copolymers
129. Muitiblock copolymers having hydmphoblc and hydrophilic segments connected
-by epoxy linkages and being hydroxy-tenninatnd or epoxide-terminated and having a »
molecular weight between about 6,000 to 10_0,000 as mmured' by gel permeation
 chromatography and intrinsic viscosity. _ R
130. | The multiblock copolymer of ;:lai.m 129 wherein the hydrophobic segment is
selected from the‘gro'up consisting of polyaprolacton?, polylactides, polyglycolides,
polylactic-polyglycolic acid copolymer, biodegradable poiyurethanes, polyanhydrides,
and polyamino acids. o |
131. The multiblock copolymer of claim 129 wherein the hydrophilic segment is a
polyether selected from ﬁe group consiSting of polyethylene glycol, polaxomers, and

polj(pmpylme oxide).
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The polymers of claim 129 which are ABA, BAB, multiblock (AB), or (BA),

132.
type polymers, and combinations thereof, wherein the A block is polycaprolactone and
the B block is selected from the group eonsistix;g of polyethylene glycol, poloxamers, |
and poly(propylene oxide).

133. The polymers of claim 129 wherein a hydrophobic and/or hydropluhc segment is
expanded, i.e., muluplc molecules are linked together by epoxy linkages.

134, Hydroxy-terminated poly (e-aprolactone)—polyether polymcrs having altcmating
hydrophobic polycaprolactone segments and hydmphxhc polye!hcr segments connecwd by
epoxy lmkages _

135.° _The block copolymer_ which is HO-PEG-EX252-PCL-EX252-PCL-EX252-PEG-

" OH. \

136. The block copolymer which is HO-F68-EX252-PCL-EX252-PCL-F68-OH.

137, The block cdpolymér which is HO-PCL-EX252‘-F68-EX252-PCL~OH.

138. The block copolymer which is HO-PCL-EX252-PEG-EX252-PCL-OH.

139. ~ The block copolymer which is HO—PCL-EXZS2—PPO—EX252-PCL—OH.

140. 'i‘he muitiblock copolymer of claim 125 eorﬁprisitig a nanopatrticle.

- Methods of Use Embodiments
Restenosis
141. A method of preventing restenosis follbwing vascular damage as a result of an

T T TR

interventional procedure or disease:
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injecting nanoparticles comprising a biocompatible, biodegradable polymer core having

an average diameter of less than about 300 nm, the nanoparticles having associated or

incorporated therewith at‘ least one bicactive agent and/or at least one surface modifying agent,

under pressure into the wall of the vessel preceding, during, or subsequent to the damaging

interventional procedure.

142,

143,

144,

145.

146.

The method of preventing restenosis of clair;l 141 wherein the pressure is at least
latmandpréfmblybet_weai%ann.

The method of preventing restenosis of claim 141 wherein the step of injecting is
accomplished with a catheter. | »

The method of prcvmﬁné restenosis of clalm 141 comprising the further step of
inducing an osmotic shock to the wall of the vessel with a‘hypcnon_ic solution prior to or
contemporaneously with the step of injecting nanoparticles.

The method of preventing restenosis of claim 141 wheriin thé biocompatibie,

biodegradable polymer is a synthetic polymer selected from the group consisting of

polyesters, polyethers, polyanhydrides, polyalkylcyanoacrylates, polyacrylgmides.

mly(onhms), polyphosphazenes, polyamino acids, and biodegradable polyurethanes.

The method of preventing restenosis of claim 141 wherein the biocompatible,

bicdegradable polymer is a naturally-derived polymer selected from the grou;; consisting

of acacia, chitosan, gelatin, dextrans, albumins, and alginates/starch.
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148.
149,

150.

151.

152. .

-145-

The method of claim 141 wherein the biocactive agcnt is selected from the group
consxsung of srnooth muscle inhibitors, reccptor blockers for contracn]c agomst
inhibitors of the sodium/hydrogen antiporter, protease inhibitors, qitrovasodilators,
phosphodxwtcxase mlubntors phenothiazines, growth factor rewptor antagonists, anti-
mitotic agents, 1mmunosuppms:ve agents, annsense ohgonucleoudes, and protcm kinase
inhibitors.

The method of preventing restenosis of claim 147 wherein the bioactive agentisa

~ cytochalasin.

' The method of prcventiﬁg resténosis of claim 141 wherein the nanoparticl?s
further includes at least one surface modlﬁer |
“The method of prevcnung restenosis of claim 149 the surfacc modifier is selected
from the group consisting of the surface modifying agcnt is selected from the group

consisting of one or more synthetic polymers, biopolymers, low molecular weight '

_oligomers, natural products, and surfactants.

The method of preventing restenosis of claim 150 wherein the surface modifier is
fibrinogen and/or DMAB.
The method of preventing restenosis of claim 141 wherein the nanoparticles are

suspended in a suspending media suitable for intravascular administration in a

. concentration ﬁngc from about 0.1 mg/mi or less to 300 mg/ml, and preferably in the

range of 5-t0 30 mg/ml.
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154,

155.

156..

157.

-146-

Bone V'I'hera.py
A method of txansferﬁng a nucleic acid segment into bone progenitor cells
comprising: injecting into a tissue site having bone progenitor cells nucleic acid-

containing nanoparticles, the nanoparticles comprising a biocompatible, biodegradable’ |

-polymer core having an average diameter of less than about 300 nm, and 'having

associated or incorporated therewith at least one nucleic acid and/or at least one surface

modifying agent.

>

The method of claim 153 wherein the nucleic acid is an osteotropic gene or gene 4

segment selected from the grouﬁ consisting of bone morphbgcnic proteins (BMP2 and 4 '

and others), phosphoproteins, ostbox_!ectin, ostéoﬁonﬁn, bone sialoprotein, vitamin-k
dependent prﬁtcins, glycbpmtcin;,-and collagen (at least I and IT).

The method 6f 'claim 153 wherein the surface modifying agent is selected from-
the group éonsisting of one or more synthetic polymers, biopolymers, lbw molecular
weight oligomers, natural products, and surfactants. '

The method of claim 153 wherein the injected nanoparticles are carried in a
suspending medium gels after application to the region of injection.

The method of claim 156 wherein the suspending medium which gels is selected

from the group consisting of poloxamers, Type I collagen or procollagen, hydrogels,

. cyanoacrylates, and fibrin glue.
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158. ] The method of claim 156 wherein the suspending medium further includes at least

one osteoconductive salt.
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LONG-CIRCULATING POLYMERIC NANOSPHERES®
see the whole document
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A see the whole document
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pages 115-127, XP002013572
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- see the whole document
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see the whole document
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1. D Claims Nos.:
because they relate to subject matter not required to be searshed by th Authority, nameiy:

2. | X | Clams Nos.:
because they relate to parts of the intemational Application that do not compty with the prescribed requirements to such
an exient that no mearungtul imMemational S h can be d out, specifically: o

Remark: Although claims 141-148, 152-154, 156-158 are directed to a method
of treatment of the human/animal body, the search has been carried out and
based on the alleged effect of the composition,

a. D Claims Nos.: ’

becausa tney are cependsnt claims and are not drafied in

with the sacond #nd third seniences of Aule 6.4(a).

Box {! Observations where unity of invention is lacking (Continuation of ftem 2 of first sheest)

This intemational Ssarching Authority found muttiple inventions in this intemational application, as foliows:

1. C]aims:l-B,10'28,39-44‘88-96.141-148,152-154,156-158(a11 partly); 45-53,68-81

2. Claims:1-8,10-28,39-44,141-148,152-154,156-158(a 11 partly); 9,29-38,54-67
82-87,97-103,149-151,155

Claims: 104-114

Claims: 115-140

-~ W

1. E As all regurred additional search fees were timety pad by the applicant, this intemational Search Report covers el
searchable ciaims.

2. As all searchabie saims could be searched without sttort justitying an additiona fee, this Authority did not invite payment
of any aodtional tee. - . ' .

3. { As.onty some of the required sdditional search fees were timeily paid by the applicant, this irtemational Search Report
covers only those ciaims for which fees were paid, specifically claima Nos.:

4. D No required adcitional ssarch fees were timely paid by the applicant, Consequantly, thia intemational Search Report is

testricted to the i ion first mennti d in the claims,; it is covered by claims Nos.:
Remark on Protest The additional search fees were accompanied by the appiicant's protest.
m No p: panied the payment of additional search feea.
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